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ABSTRACT
Applications such as point-of-care medical diagnosis and in-the-field biological
warfare agent detection require portable bioassays which are less laborious yet cost
effective. Conventional sandwich bioassays see limited use for such applications as it
involves time consuming steps of reagent treatment and washings, and are restricted to
use inside laboratories. We explore new platforms for sandwich bioassays required by
such applications. The platform we have developed is based on electrochemical methods
of

detection.

Flow-through

three-dimensional

electrodes

suitable

for

use

in

electrochemical sandwich bioassays were fabricated. A composite of superporous agarose
and reticulated vitreous carbon (SPA-RVC) material was used for the fabrication of these
electrodes. These SPA-RVC electrodes provide confined spaces to trap the redox
molecules within the electrode making it possible for coulometric detection. The flowthrough design allows for ease in treatment of multiple solutions and washing steps. The
electrode materials were characterized for their physical features like pore-size
distribution, total free volume, densities, and structural characteristics. The characteristics
of the SPA-RVC electrode to perform electrochemical measurements were also studied.
Avidin affinity molecules were covalently bound onto the superporous agarose (SPA)
matrix to create binding sites to immobilize biotinylated capture probes. The loading of
these avidin moieties inside the SPA-RVC electrodes was determined. SPA-RVC
electrodes were used for the determination of kinetic parameters of immobilized avidin
alkaline phosphatase labels required for carrying out electrochemical bioassays. The
electrodes were tested for their feasibility in carrying out sandwich assays. Biotinylated

ii

bovine serum albumin was detected in a sandwich assay scheme using these electrodes.
DNA hybridization detection with the proposed scheme posed problem such as high nonspecific and undesirable specific binding of the biomaterials used. Alternative bioassay
schemes for the improvement of the DNA hybridization assays are discussed.
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CHAPTER ONE
1

INTRODUCTION AND BACKGROUND TO ELECTROCHEMICAL
BIOASSAYS

1.1

Introduction
There has been a growing interest in the development of sandwich bioassay

platforms that are suitable for portable applications such as point-of-care medical
diagnostics [1] and in-the-field biological warfare agent detection [2]. These applications
require bioassay platforms that are portable, rapid, easy to use and cost effective.
Currently microtiter plate based assays such as enzyme-linked immunosorbent assays
(ELISA) and radioimmunoassay RIA are popular. The microtiter plate based assays
involve laborious and time consuming steps of washing/reagent treatment. Also, due to
the requirement of bulky optical detection equipment such as UV-VIS or fluorescence
spectrophotometers microtiter plate based assays methods are restricted to use inside
laboratories [3]. The problem of laborious washing/reagent treatments is made simpler
with the use of flow-through supports as platforms for carrying out bioassays. Platforms
such as microcapillary channels [4], filter membranes [5] that were reported require use
of

pumps

thereby

making

them

bulky

and

less

portable.

Strip

based

immunochromatographic assays are portable and have detection limits down to 50 pg
mL-1 for several antigens [6]. But these assays have the disadvantage of limited
sensitivity and quantification ability caused by use of the human eye to observe the
change in color [6].

1

Electrochemical methods such as amperometry [7], chronoamperometry [8] and
voltammetry are popular detection system for making bioassays portable due to their
prospects for sensitive detection and possible miniaturization [9]. For example, Moussy
et. al developed a subminiature implantable potentiostat with remote sensing capability
thus proving the capability of miniaturization in electrochemical instrumentation [9].
Also, the electrochemical detection equipments are less maintenance-intensive as
compared to optical detection equipment such as fluorescence spectrophotometer. The
components can be mass produced at low cost enabling their use as disposable sensors.
Electrochemical measurements can occur in an optically dense medium without the need
for rigorous sample processing thereby allowing the use of raw samples like blood and
urine. Few of the disadvantages posed in use of electrochemical bioassays are stable and
reproducible electrodes and electrode configurations, availability of electrochemical tags
and acceptable potentials windows for the detection of the biological samples. Therefore
use of flow-through system along with electrochemical detection methods is a suitable
combination for developing portable bioassays.
Flow-through systems that use electrochemical methods of detection can be
developed by using flow-injection analysis (FIA) [10], filtration membranes [5, 11], flow
cells [12], thin-layer cells [13, 14], flow-through electrodes [15], etc. Flow-through
electrodes can be prepared from porous materials such as reticulated vitreous carbon
(RVC) [16-20]. Khayyami et al developed flow-through electrodes using a composite of
RVC and superporous agarose (SPA) material [15]. SPA is a material prepared from
agarose via microemulsion to form an interpenetrating network of macropores in the

2

agarose. Previously SPA was used as stationary phases in chromatographic columns [21,
22]. The flow-through properties of SPA-RVC composite electrodes is therefore explored
in the development of flow-through electrodes suitable for sandwich assays in the current
work. SPA-RVC electrode configuration has several advantages. Firstly, the diffusionlimited geometry of the macroporous RVC electrodes provides necessary confined spaces
for trapping the products of enzyme label catalyzed reactions within the enclosed space
without the products diffusing away and becoming lost in the bulk solution. Secondly,
immobilization of the capture probes for a sandwich assay on the flow-through SPA
matrix would provide greater accessibility for the capture probes in capturing the analytes
present in low concentration thereby reducing the incubation periods required for
capturing the analytes as compared to the use of planar surfaces [23]. These advantages
could show enhancement in the sensitivity and detection limits of a sandwich bioassay.
In this dissertation, we report the preparation and characterization of SPA-RVC
flow-through electrodes as platform suitable for electrochemical sandwich bioassays. The
electrodes were developed on a micropipette-tip that allows easy washing and reagent
treatment with the use of micropipettes. These electrodes could be used with
multichannel micropipette and potentiostats to simultaneously analyze multiple samples.
Avidins were covalently bound onto the SPA matrix [13]. The electrode materials were
characterized for their physical characteristics. The SPA-RVC electrodes were tested for
their ability to perform coulometric measurements using simple redox couples. A kinetic
study on the alkaline phosphatase conjugated labels was performed using the SPA-RVC
electrodes to determine the kinetics parameters that are required to develop sandwich
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assays. SPA-RVC electrodes were tested for their feasibility to carry out sandwich assays
by detecting biotinylated bovine serum albumin (b-BSA) via sandwich assay protocol. A
lower detection limit of b-BSA was about 1.4 ± 0.2 ng mL-1. An attempt to detect DNA
sequences via a sandwich assay protocol using SPA-RVC electrodes. The undesirable
binding was high in the detection of DNA thereby affecting the lower limit of detection.
Recommendations on the methods for the improvement of the DNA sandwich assays
inside SPA-RVC electrodes are therefore made.
In

this

Chapter,

various

concepts

for

understanding

and

developing

electrochemical bioassays are reviewed.

1.2

Electrochemical detection
The fundamental process in Faradaic electrochemistry is the transfer of electrons

between the electrode surface and molecules in the solution adjacent to the electrode [24].
An electrochemical reaction occurs due to the applied potential causing the
electrochemically active molecules to be oxidized or reduced, thereby depositing its
electrons onto the electrode surface or withdrawing electrodes from the electrode surface,
and providing a current in an external circuit. Under ideal equilibrium conditions
electrochemical reactions are governed by the Nernst’s equation given. Nernst equation is
represented for activities aO and aR. For pure solids or liquids activity is unity and can be
replaced with molar concentrations CO and CR of the oxidized and the reduced forms of
the redox couple as given below.
E = E0 +

C
RT
ln( O )
nF
CR

4

……….

(1)

Where, E0 is the redox potential for the redox couple, n is the number of electrode
transferred in the reaction, T is the Kelvin temperature; F is the Faraday constant (96,485
Coulombs), CO is the molar concentration of the oxidized half of the couple and CR is the
molar concentration of the reduced half.

In an electrochemical reaction several processes occur that contribute to an
electrochemical response. Bulk oxidized species O* diffuses towards the electrode where
it deposits its electrons and gets reduced to form reduced species R. The reduced species
of concentration [CR] then diffuses away from the electrode in to the bulk solution of
concentration [CR]. The mass transport via diffusion is often a slower process as
compared to the process of electrode transfer to the electrode. This causes an
accumulation of redox molecules close to the electrode surface. The diffusion layer
gradually grows and the distance traveled by a redox molecule by diffusion varies with
time as described by Fick’s Law, and is represented approximately by the
equation, x = 2 D.t , where x is the thickness of diffusion layer, D is the diffusion
coefficient of the redox molecule and t is the time taken for the diffusion layer to travel.
This process of diffusion for mass transport is the driving force for dynamic
electrochemical detection to be possible. Figure 1.1 shows distance traveled by the
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diffusion layer as a function of time for a planar electrode with large bulk solution for an
electrochemical reduction reaction.

Figure 1.1 Illustration for change in concentration of redox species with the distance
from the electrode

Nernst’s equation applies to only those solution concentrations that are
immediately adjacent to the surface of the electrode. The number of moles of redox
species undergoing oxidation or reduction is related to the number of electrons or charge
passed for that oxidation or reduction and can be described using Faraday’s Law,

Q = nFN , where Q is the total charge passed through the electrode, n is the number of
electrons involved in the reaction, F is the Faradays constant 96,485 Coul mol-1 and N is
the number of moles of the redox species that oxidized or reduced.
A voltammetric technique is one in which current is measured as a function of
applied potential when that potential is swept over a potential range. Voltammetry is
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often used to identify and quantify electroactive species present in the analysis solution.
Typically cyclic voltammetry and linear scan voltammetry are used for sensor
applications. In cyclic voltammetry a triangular-waveform potential ramp at a fixed scan
rate is applied to the working electrode in a three-electrode cell setup whereas a linear
potential ramp is applied for linear scan voltammetry. A plot of current against applied
potential is known as a voltammogram. Under conditions of semi-infinite linear diffusion
condition, i.e. when there is no limit on the spatial extent of the diffusion layer near the
electrode like in case of a planar disk electrode in a large bulk of redox solution, the peak
current in a voltammogram relates to the concentration of the bulk solution at room
temperature is given by the Randles-Sevcik equation shown below.
ip

=

2.69x105 n 3 / 2 A D1/ 2 v1/ 2 C *

……….

(2)

where, ip is the peak current (in amperes), n is the number of electrodes passes per
molecule, A is the electrode area (in cm2), D is the diffusion coefficient of analyte (in cm2
s-1), v is the potential scan rate, and C* is the concentration of the analyte in the bulk
solution (in moles cm-3) [25].

1.3

Principles of bioassay
Immunoassays have emerged as a rapid and sensitive tool for the detection of

disease-specific antigens or antibodies in the patient’s serum [26]. Immunoassays are
based on the specificity of antibody (Ab) binding with target antigen (Ag) or haptens and
may be used in sandwich or homogeneous assays. An illustration of a sandwich-type
immunoassay is shown in Figure 1.2. Here the antigen is the analyte which is captured by
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a surface bound antibody and detected by an enzyme-labeled antibody. Typically a 1°
antibody is first bound onto the surface of microtiter plate by treating the microtiter plate
with a solution of the antibody; resulting in adsorption, although covalent immobilization
is also practiced. The microtiter plate is washed to remove unbound capture antibody and
treated with the antigens to immobilize the analyte onto the surface bound antibodies.
The microtiter plate is washed to remove the excess antigens followed by treatment with
an enzyme conjugated 2° antibody. This causes the antigen to become sandwiched
between the two antibodies, one of which is labeled with an enzyme tag and the other
which is bound onto the surface of microtiter plate walls. Substrate is then added which is
enzymatically converted to products. The product of the enzyme-catalyzed reaction, if it
absorbs at a unique wavelength (is colored), can be detected using a spectrophotometer.
In schemes involving substrates that are converted to products that are redox active, the
products can be detected via electrochemical methods. Vandesande et. al performed
electrochemical sandwich assay where chicken luteinizing hormones (LH) were detected
electrochemically by binding a capture monoclonal antibody (Ma-LH) that is specific to
LH onto polystyrene plates. Further, these LHs were sandwiched between capture
antibody and biotinylated probe antibody. Streptavidin-alkaline phosphatase was used as
the enzyme label. The streptavidin-alkaline phosphatase catalyze the conversion of the
substrate 4-aminophenylphosphate (PAPP) to electrochemically active 4-aminophenol
(PAP), which is detected via flow injection analysis (FIA) [27]. These schemes involve
the high selectivity and specificity of the surface bound antibodies to the target antigens.
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Figure 1.2 Illustration of typical sandwich immunoassay (ELISA) for the detection of
antigens. Adopted and modified from Ref. [28].
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Similar principles are applied to a DNA sandwich bioassay to detect a specific
sequence in an oligonucleotide. DNA hybridization occurs when double stranded DNA is
formed when the bases present in one single strand DNA matches with its partner base on
the second single strand complementary DNA [29]. The bases adenine pairs with
thiamine and guanine bases pair with cytosine by the formation of hydrogen bonds as
shown in Figure 1.3. The specificity in this case lies in the high base-pair specificity of
the DNA hybridization event.
Figure 1.4 shows a schematic diagram for detection of an oligonucleotide using
two complementary DNA strands via hybridization. To perform a DNA sandwich assay a
capture single strand DNA, which has a sequence complementary to a specific sequence
in the target DNA strand (analyte), is first immobilized to a surface. Upon treating with
the target DNA, hybridization between the capture and target DNA strands occurs. The
hybridization event for the target DNA is detected using a signal DNA strand that has a
label and a sequence complementary to a different section of the target DNA strand
where that signal DNA strand becomes hybridized to the target strand. Detection step is
followed via electrochemical or fluorescent methods based on the type of labels used.
Problems associated in these traditional methods like ELISA (enzyme linked
immunosorbent assay) require the use of microtiter/microwell plates [30]. These methods
require several in-between washing steps which can be time consuming laboratory
analysis steps and can be inconvenient for the analyst [31].
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Figure 1.3 Fragment of the DNA molecule where A is deoxyadenosine, G is
deoxyguanosine, T is deoxythimidine, and C is deoxycytosine. Adopted from
Ref. [32] with permission.
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Figure 1.4 Illustration of a DNA hybridization capture/sandwich assay.
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1.3.1

Strategies for electrochemical bioassay
Electrochemical methods could be used only when electrochemical tags or labels

are used for detection. Either the label itself could be a redox molecule or the label could
generate a product that could be electrochemically detected. For a successful sandwich
bioassay, challenges are posed in the methods for immobilization of capture moieties on a
surface [33]. Various methods for immobilization of DNA or affinity or capture moieties
onto electrode surfaces along with use of strategies for different bioassays using labels
for electrochemical detection are discussed in the sections below.

1.3.2

Immobilization strategies of biomolecules onto electrode surfaces
Various types of electrodes are used for sandwich/capture bioassays, for example,

carbon based electrodes, gold and indium tin oxides (ITO). Carbon based electrodes have
been the choice for many electrochemists for their use as working electrodes in bioassays
[34-36]. Carbon electrodes such as glassy carbon, carbon paste and carbon fiber
electrodes have several advantages over other types of electrode materials. The
advantages of carbon electrodes include wide potential ranges, low electrical resistance,
high resistance to corrosion, relatively low cost compared with other electrode materials
like gold, reproducible surface and its suitability for immobilization of biomaterials onto
the surfaces through the several functional groups present on its surface [37]. The choice
of electrode also depends on the biomaterial in use. Various groups have developed
strategies for immobilization of biomaterials like oligonucleotides and proteins onto
surfaces of carbon based electrodes for sandwich-type bioassays.
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Rivas et. al. used a method for direct electrostatic adsorption of calf thymus DNA
onto 3 mm glassy carbon disk electrode at a constant potential of 0.2 V for 5 minutes
[38]. Azek et. al. used screen-printed carbon electrode for direct adsorption of target
DNA onto the electrode surface and detected complementary biotinylated DNA probe
that hybridizes with the target DNA. Enzyme conjugate label streptavidin-peroxidase was
then used as the label to bind onto the biotinylated probe DNA. Substrate, ophenylenediamine was converted to 2,2’-diaminoazobenzene which was detected
electrochemically by differential pulse voltammetry [30].
Creating affinity sites on surfaces via covalent or physisorption of affinity
molecules like avidin and biotin conjugate are used for immobilizing biotinylated
conjugates or avidinylated conjugates of oligonucleotides. A method for creating biotin
sites was described by Costa-Garcia et. al where photobiotin was adsorbed on carbon
paste electrode surface [39]. A similar approach was used by Li et. al. wherein
biotinylated bovine serum albumin contained in bovine serum albumin was adsorbed on
glass surface [40]. The adsorption approach by Li et. al can be adopted for a surface like
glassy carbon for creating biotin capture sites. Avidin sites were created by Mascini et. al
by adsorption of avidin directly onto graphite screen-printed electrode surface by treating
the electrode with 0.25 mg mL-1 of avidin prepared in acetate buffer of pH 5. Capture
moieties like oligonucleotides or proteins that were conjugated to biotin or avidin,
depending on the surface bound affinity molecules were used to bind the capture moieties
on to the surface of the electrode [41].
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Capture moieties or affinity molecules can also be covalently bound onto
electrode surfaces by interaction of the functional groups present in capture molecules
with the reactive functional groups present on the electrode surface. Reactive functional
groups can be created on the surface of glassy carbon by various methods as discussed
below. Surface groups on glassy carbon electrodes were traditionally created by treatment
of concentrated acids or other oxidizing agents. Multiple functional groups like
carboxylic acids, quinonic, ketonic, or hydroxyl groups are created on the electrode
surface by this method. This method posed difficulty in controlling the number of
specific functional groups on the surface and often caused corrosion of the carbon
surface. A method of grafting specific functional groups like carboxylic acid and amines
on glassy carbon electrode surface was shown by Pinson et. al. where carboxylic acid or
amine functionalized aryl diazonium salts were electrochemically reduced to covalently
attach functionalized aryl groups onto carbon surfaces [42]. Ruffien et. al. grafted amine
aryl groups on screen-printed carbon electrodes by electrochemical reduction of
diazonium salt of p-nitroaniline [43]. This approach created solid, non-corrosive and well
controlled functional groups on carbon surfaces.
Modifications of carbon surface by creating reactive functional groups for
covalent immobilization of affinity molecules or capture oligonucleotides is a promising
approach as compared to electrostatic adsorption of these molecules directly onto the
electrode. Neutravidin affinity sites were covalently immobilized to the glassy carbon
electrode surface by the reaction of the amine groups present in the neutravidin with the
electrochemically grafted surface carboxylic groups using carbodiimide coupling
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chemistry [44]. Similarly DNA was immobilized covalently onto glassy carbon surface
via carbodiimide coupling method [45-47]. In carbodiimide coupling method carboxylic
acid groups present on carbon surfaces are coupled with amines by treating the
carboxylic groups with 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC or
EDAC) which is further reacted with N-hydroxysulfosuccinimide to produce NHS esters.
The NHS esters readily reacts with amine groups present in proteins, DNA bases or
affinity molecules like avidin to bind the biomolecules onto carbon surface. An approach
to create biotin sites on the surface of screen-printed carbon electrode surfaces was
developed by Limoges et. al where biotin were covalently bound onto the surface of
carbon

screen-printed

electrode

by

reacting

p-aminobenzoyl

biocytin

with

electrochemically grafted surface bound carboxylic groups [48]. Various approaches to
bind capture moieties onto surfaces reactive groups other than carboxylic and amine
groups are reviewed by many researchers. One such review by Won et. al discussed
approaches to bind functionalized capture oligomers onto the surface that consist of
functional groups like aldehydes, surface bound diazonium salts, epoxy and
semicarbazide [49].
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Figure 1.5 Covalent immobilization methods of DNA onto different surface bound
functional groups like aldehyde, epoxy, semicarbazide, diazonium surface.
Adopted from Ref. [49].
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Immobilization of affinity sites or capture molecules can also be achieved by
coating the electrode with a polymeric material which forms a solid substrate onto which
the capture/affinity sites are immobilized, adsorbed or entrapped. Use of conductive
polymers like polyaniline, polypyrrole, polyacetylene, and polythiophene has been
reported earlier [50-52]. Alocilja et. al. used polyaniline pads to immobilize polyclonal
antibodies for E. coli O157:H7. [52].
Synthetic

and

natural

hydrogels

like

agarose,

polyacrylamide,

poly-

(hydroxymethylmethacrylate) and chitosan when coated onto electrodes [53] are often
used for immobilizing biomolecules and oligonucleotides [54]. These types of coating
allow free movement of ions within its complex physical structure thereby allowing its
use in coating electrodes without losing any underlying properties of the electrode.
Hydrogels also allow controlled functionalization for effective binding of biomolecules
like oligonucleotides and proteins onto its surface [55]. For example, periodate treatment
of a polysaccharide matrix like agarose creates surface aldehyde groups. Cyanogen
bromide method for the activation of agarose surface to bind DNA was used by
Marquardt et. al. in 1975 for preparation of affinity chromatography columns [55].

1.3.3

Labels for electrochemical capture/sandwich bioassay
Typical electrochemical labels used in capture or sandwich bioassays are enzymes

conjugates that catalytically convert substrate to product (e.g. peroxidase, phosphatase
and protein kinases) or nanoparticles (e.g. CdS, PbS, ZnS and Au) [56] that can be
dissolved and quantified using electrochemical stripping methods. These types of labels
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offer signal amplification which therefore enhances the sensitivity of a bioassay. For
example, in case of an enzyme labeled assay the enzyme has the ability to convert large
number of substrate molecules to detectable product molecules thereby amplifying the
signal for the binding event. Challenges in using electrochemical methods are therefore to
find the right electrochemical label.
Alkaline phosphatase and its conjugates are typically used as it hydrolyses a range
of electro-inactive phosphate ester substrates to produce products that can be detected and
quantified by electrochemical techniques. Most common substrates that are electroinactive and produce electrochemically active products upon catalytic hydrolysis with
alkaline phosphatase enzyme are 1-naphthyl phosphate [57, 58], 4-aminophenyl
phosphate and hydroquinone diphosphate [59]. Horseradish peroxidase enzyme
conjugates were used by Heller’s group for sandwich assay DNA sequences of E-Coli
[60]. Peroxidases catalytically convert hydrogen peroxides to water; the release of
oxygen can be electrochemically detected.
Amplification using nanoparticles like CdS, PbS, Au have been have been
reviewed by Barton et. al. in 2003 [61]. Each nanoparticle when bound for a recognition
event produces large number of ions that can be quantitatively detected by using
electrochemical stripping voltammetry. The high sensitivity lies in the pre-concentration
step that is involved in a stripping voltammetry that leads to highly sensitive detection
[31]. Metal ions are reduced in the pre-concentration step by application of negative
potential to form metal being quantitatively accumulated at the electrode. These metal
ions are then stripped off the electrode by applying oxidative potentials. Two groups
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Dequire et. al. and Wang et. al. have demonstrated the use of gold nanoparticle tracers for
stripping-based electrochemical detection of DNA hybridization and antibody–antigen
interactions [62, 63].

1.4

Electrode configurations
Typical electrode geometries are planar disc, rotating disc, ultramicrodisc (UMD),

microdisc array (MDA), interdigitated (IDA) electrodes and thin-layer cells. Each of
these geometries has its special advantages in the detection of biologically important
molecules. For example, UMD electrodes and MDA electrodes takes advantage of radial
diffusion which gives higher peak current response as compared to a linear diffusion
model that follows Randles-Sevcik equation. MDA electrodes are microlithographically
patterned microdiscs with diameters between 5 – 50 µm.

Typical arrangement

geometries for the microdiscs in the array are square type, hexagonal type or random
type. For each of these arrangements the inter-disc distances become the important factor
for understanding the time scales of the experiments. [64]. For an array of microdisc
electrodes in which the individual electrodes are sufficiently separated each microdisc
behaves as the individual electrodes at short experimental time scales. The current
response is a simple summation of the currents at the individual discs [65]. These arrays
have advantages of high mass transport rates by radial diffusion and steady state behavior
combined with small charging times and low iR drop.
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Interdigitated array (IDA) electrodes are two dimensional electrodes that are
typically fabricated via lithographic microfabrication technology [66]. A series of
microbands are created with a typical dimension of 0.1 – 0.2 µm in height, 1 – 20 µm in
width and 5 – 10 mm in length with a inter-band separation gap of 1 – 20 µm. Hemispherical diffusion profiles are associated with such micro-structures which causes
enhancement in the current outputs. When the alternating microbands are connected to
each other to form a set of finger electrode, the potential of each of the finger sets can be
controlled independent of the other set of fingers. Typically one set of fingers is set for a
generator mode where redox molecule is reduced. The reduced molecule then diffuses to
the collector set of fingers which is set at potentials that deoxidizes the species. This
enables the redox cycling effect, thereby achieving an amplification of the signal [25].
Thin-layer cells take the advantage for low or no convective mass transfer which
is achieved by increased electrode area (A) as compared to the volume (V) of solution
under test. Such a geometry can be achieved by placing a planar electrode very close ( 2 –
100 µm) to a wall of the electrochemical cell and confining a volume (few microliters) of
redox molecules. Alternatively, a small confined space (2 - 200 µm) can be created
between two working electrodes to form a thin-layer cell. Due to the high A/V ratios,
these geometries take advantage of coulometric detection of the redox active molecules
present in the confined space. Details on the electrochemistry involved in confined space
is discussed in the following section
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1.5

Electrochemistry in a confined space
In a situation where the solution near the electrode is trapped in a small volume,

the time required for the diffusion layer to travel across the entire cell volume can be
small. Consider a porous electrode with pore diameters of about 200 µm (e.g. RVC).
Using the equation given above for Fick’s Law of diffusion, the approximate amount of
time required for a small molecule like 4-aminophenol (PAP) to diffuse across the pore
was about 14 seconds, which was using values of D = 7.2 ± 0.9×10-6 cm2 s-1 for PAP [67]
and x = 100 µm pore radius. For comparison, the time required for a molecule like PAP
to diffuse across a pipe of 1 inch diameter is about 15 hours. In conditions where small
pores provide confined space the diffusion layer covers the entire available solution
present. This situation in a confined space is also known as restricted diffusion. Since
there are no diffusion profiles for porous electrodes available in literature, we will the
diffusion profile inside each pore of the porous electrode to be similar to a situation of a
thin-layer cell where a redox solution occupies space between two walls of working
electrode that are placed at a distance of 200 µm. The diffusion profile of such a situation
is shown below [25].
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Here at time, t = 0, the oxidized species form the solution trapped between
electrode surfaces 0 and l is represented as Co*. As the oxidized species O gets reduced to
form R, it diffuses away from the walls of the electrode eventually converting all of the
oxidized species into reduced species at a short period of time, t1. Therefore, in the
experimentally feasible time scales it is possible for every redox molecule present in the
confined space to deposit or accept electrons from the electrode surface and diffuse
thereby making it possible to coulometrically determine the amount of redox molecules
trapped in the confined space. The peak current in this situation is represented by

n 2 F 2υVCo*
ip =
4 RT

……….

(3)

where, n is the number of electrode in the redox reaction, F is Faradays constant
(96500 coulomb mol-1 ), υ is the scan rate, V is the volume in cm3, Co* is concentration of
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the redox species in mol cm-3, R is the gas constant (8.314 J.K-1.mol-1) and T is the
temperature in oK. For porous electrodes, factors like the geometry of the electrode,
distribution of the applied potentials, ohmic internal resistances and rates of mass
transport of redox molecules affect the peak currents [25, 68].

1.6

Summary of dissertation
In the present work we develop a flow-through three-dimensional (3D) electrode

with restricted diffusion as a platform for use in sandwich bioassays. These electrodes
were prepared from a composite of superporous agarose (SPA) and reticulated vitreous
carbon (RVC) material. RVC is a porous, conductive glassy carbon material consisting
of large pores with porosity ranging from 10 – 100 pores per linear inch (ppi) and was
commercially available at low costs. Wang [49] originally introduced the use of RVC
material for fabricating electrodes for electrochemical applications. Friedrich et al.[50]
presented an illustrated review of RVC as an electrode material in the last decade;
encompassing applications in areas such as sensors [51], metal ion removal [52, 53],
synthesis of organics, and batteries/fuel cells [54]. Use of RVC electrodes offer several
advantages over planar glassy carbon disk electrodes for bioanalysis. The relatively high
surface area of RVC electrodes could provide enhancement in surface binding reactions.
The flow-through geometry allows large volumes of analyte solution to be passed
through to capture low concentrations of analyte. The restricted diffusion geometry of the
macroporous RVC electrodes can provide the needed confined spaces for trapping the
electroactive labels and products of enzyme-catalyzed reactions within an enclosed space
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without those products diffusing away and becoming lost in the bulk solution. This fact
therefore may enhance the sensitivity and lower the detection limits of a bioassay.
Use of agarose for immobilization of capture or affinity molecules is often used in
biochemistry. The ability to create functional groups like aldehyde (-CHO), carboxylic
acid (-COOH), thiol (-SH) and hydroxyl (-OH) on the surface of agarose is well known
onto which various affinity ligands can be immobilized [54, 55]. Creating a porous
agarose or superporous agarose with macro-sized porosity can allow free flow of solution
along-with large matrix to immobilize biomolecules. Superporous agarose was previously
introduced to fabricate chromatographic columns.
We use a composite of the RVC and SPA to fabricate the flow-through electrode.
First article on use SPA-RVC composite material for electrochemical applications was
published in 1998 by Khayyami et. al.[57]. The electrodes used by Khayyami et. al were
larger and were integrated to a flow-injection analysis system which is not portable as it
required use of pumps. Since then no publications on using these composite electrodes
for bioanalysis have appeared in the literature. Also, there hasn’t been any report on the
characterization of the composite material in the literature. Here we present the
characterization of SPA-RVC material as well as the electrode properties as required for
carrying out sandwich bioassays. These electrodes have dimensions of approximately 2
mm dia. x 4 mm ht, and can hold about 12 µL of solution with a potential to be made
portable. The electrodes were designed to use micropipette to reduce the laborious steps
of reagent treatment and washing steps.
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In Chapter 2 materials like RVC, SPA, SPA-RVC composite material were
characterized for their physical features like pore size distribution, total free volume,
ligament and bulk densities, surface area and structural features. Fabrication procedure of
the SPA-RVC electrodes was discussed. The SPA-RVC electrodes were characterized for
its electrochemical properties by testing it using known simple redox molecules like
K3Fe(CN)6 and 4-aminophenol. Avidin was covalently bound onto the agarose matrix in
the SPA-RVC electrode to allow biotinylated capture molecules to be immobilized as
required to carry out sandwich bioassay using these electrodes. The loading of these
avidins inside the SPA-RVC electrode was also determined.
In Chapter 3 kinetic parameters like the Michaelis-Menten constant Km and
maximum rate of reaction Vm for conjugated alkaline phosphatase labels, viz.
avidinylated alkaline phosphatase (av-ALP) and biotinylated alkaline phosphatase (bALP) were determined. Knowledge of kinetic parameters of enzyme labels is essential
for maximizing the efficiency of the bioassay through optimization of enzyme labels and
substrate concentrations. We use avidin activated SPA-RVC electrode for the
determination of the kinetic parameters of av-ALP immobilized inside the SPA-RVC
electrode via electrochemical methods and were compared with av-ALP free in solution
via spectrophotometric method.
In Chapter 4, biotinylated bovine serum albumin (b-BSA) was detected via a
sandwich assay protocol as a model to demonstrate feasibility of the SPA-RVC material
as a platform for accomplishing sandwich assays. In this avidin activated SPA-RVC
electrode was first incubated with b-BSA followed by incubation with avidinylated
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alkaline phosphatase (av-ALP) as label. Here b-BSA is sandwiched between avidins to
for a sandwich bioassay.
Chapter 5 covers the use of avidin-activated SPA-RVC composite electrodes for
DNA hybridization bioassay. The scheme used for this purpose utilizes the avidin bound
on the surface of SPA-RVC electrode to bind biotinylated DNA that acts as the capture
strand. Attempt to detect hybridization event of biotinylated complementary target DNA
with the capture DNA strand was explored. Control experiments were performed to study
the undesirable specific binding and non-specific binding of biomolecules used in the
assay. Alternative schemes to improve DNA hybridization sandwich bioassays are
discussed.
Appendix 1 covers a method for activating the surface of bare RVC electrodes by
covalently immobilizing biotin onto the surface. The electrode could potentially be used
as a platform to build bioassay schemes by the immobilization of biomolecules onto the
surface-bound biotins.
Appendix 2 covers a new type of electrochemical cell setup for its application in
bioassays. These electrochemical cell designs are fabricated to hold very small quantities
(~0.04 – 7 µL) of analyte solutions. These small volume electrochemical cells (SVECs)
were tested for its electrochemical response. Strategies for sandwich bioassay using CdS
nanoparticles labels for detection of oligonucleotides using these SVECs are also
proposed in this section.
Appendix 3 shows a list of journal publications and scientific contributions
through conferences and workshops.
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CHAPTER TWO
2

FABRICATION AND CHARACTERIZATION OF ELECTRODES AND
ELECTRODE MATERIALS

2.1

Introduction
In chapter 1, the concept of using three-dimensional (3D) electrode systems for

application in bioassay was introduced. Reticulated vitreous carbon (RVC) was identified
as a material for the fabrication of 3D flow-through electrodes as RVC is made of
conductive glassy carbon that has an interpenetrating network of macropores. It provides
the required electrical and mechanical properties for fabricating a 3D electrode. RVC
offers high surface area as compared to planar electrodes, low density, low thermal
expansion, high thermal resistance, high corrosion resistance, ease in fabrication and is
relatively inexpensive [1]. Reticulated vitreous carbon material is typically prepared from
polyurethane foam precursor. The polyurethane foam is generally impregnated with
phenolic or epoxy resins or furfuralcohol followed by carbonization at 700 – 1100 oC [2,
3]. Previously many researchers have used RVC material for fabrication of electrodes and
much of this work has been reviewed [1, 4-6]. Understanding the physical characteristics
of such material is critical to its use as a flow-through electrode.
Superporous agarose has been largely used for chromatographic purposes, e.g. as
a support material from which affinity chromatography columns have been fabricated [713]. Its large pores and high surface area create an ideal platform for immobilizing
biomaterials onto its surface. The opportunity for its use in electrochemical sensors was
first reported by Khayyami et al. [14] where the macroporous agarose was filled inside
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the macroporous RVC material. Filling superporous agarose inside RVC material
provides flow-through geometry along with a secondary platform to immobilize affinity
molecules needed for carrying out a bioassay. Use of superporous agarose in such a
combination could also assist in reducing the non-specific binding of various
biomolecules like oligonucleotides and proteins onto the surface of RVC surface thereby
increasing sensitivity and lowering the detection limits.
This Chapter describes the fabrication, characterization and testing of RVC based sensor electrodes that can be employed for electrochemical sandwich bioassays.
Electrodes were fabricated using a composite of RVC material and superporous agarose.
Biotin capture sites were created on the superporous agarose matrix inside the RVC
material by covalently immobilizing avidin onto the superporous agarose matrix. The
loading of avidin inside the SPA-RVC electrode was also determined.

2.2
2.2.1

Experimental
Materials, solutions and equipment
The following materials were obtained from the respective suppliers and used as

received, except where indicated: graphite rod (McMaster-Carr), reticulated vitreous
carbon (ERG Materials and Aerospace Corp., Oakland, CA), high-impact polystyrene
sheet (HIPS) (McMaster-Carr), polypropylene micropipette tips (Fisher), various sizes of
polyolefinic shrink tubes (McMaster-Carr), gold wire; 0.127 mm diameter (Aldrich),
biotinylated alkaline phosphatase (b-ALP) (4 mol biotin per mol ALP, Pierce), bovine
serum albumin (Fisher), agarose (MP Biomedicals), 4-aminophenylphosphate (PAPP,
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ICN Biomedicals), 4-aminophenol hydrochloride (PAP, Sigma), mesitylene (Acros
Organics),

avidin

(Pierce),

sodium

periodate

(NaIO4,

Fisher),

sodium

cyanotrihydridoborate (NaCNBH3, Alfa Aesar), sodium azide (NaN3, Mallinckrodt),
conc. HCl (Fisher), TWEEN-20 (Acros Organics), TWEEN-80 (Fisher), graphite rod
(McMaster-Carr).
Electrochemical experiments were performed using a model CHI 660A
electrochemical workstation consisting of a picoamp booster and Faraday cage from CH
Instruments Inc. Austin, TX. Fluorescence spectrophotometer used was custom built
instrument by Photon Technologies International (PTI). The surface area, pore size and
pore volumes of the RVC materials were measured by mercury porosimetry using
Micromeretics Autopore IV and by gas adsorption, using a Micromeretics ASAP 2010.
Densities of the carbon skeleton in RVC were measured using a Micromeretics Accupyc
1330 Helium Pycnometer. Scanning electron microscopic images for samples of RVC
alone were acquired using a Hitachi S3500–Scanning Electron Microscope; SEM images
for superporous agarose and RVC filled with superporous agarose were acquired using a
Hitachi S3400 variable pressure scanning electron microscope. Photographs of RVC
filled with superporous agarose were taken using an optical laboratory microscope from
Bausch and Lomb. Confocal microscopy was carried out using a Carl Zeiss 510 Confocal
laser scanning microscope with Plan-Neofluar 40X/1.3 oil objective. Images were
analyzed using Slidebook® software developed by Intelligent Imaging Innovations and
Olympus.
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TRIS buffered saline (TBS) which was prepared with 250 mM Tris-HCl and 150
mM NaCl followed by adjusting the pH to 8.0 using NaOH solution. Blocking buffer
(TBS-T20-BSA) was prepared with 100 mM Tris-HCl, 150 mM NaCl, 1% v/v TWEEN20, 1% w/v bovine serum albumin and 0.2 mg mL-1 NaN3 followed by adjusting the pH
to 8 using 1:1 NaOH solution in DI water and measured with Accumet® benchtop pH
meter.
Stock solution of 1 mM 4-aminophenylphosphate (PAPP) were prepared in TBS
by weighing 2.1 mg of PAPP solid and dissolving it in 10 ml of TBS previously held at
about 2 – 3 oC. Once the PAPP solution was prepared it was immediately put in a freezer
at -20 oC. Each time the stock solution was needed, the frozen stock 1 mM PAPP was
allowed to partially thaw until required volume of the solution was available to be
diluted. The entire 10 mL stock solution was used within 60 minutes. These extra
precautionary steps were taken as there was a possibility of degradation of PAPP.

2.2.2

Pretreatment of RVC material
A large RVC cylinder of about 1.0 cm diameter and 3.0 cm height was fixed on a

20 mL Luer-Lock type syringe with clear polyolefinic heat-shrink tubing wrapped around
the cylinder to allow flushing of solutions through RVC cylinder. The RVC was then
soaked in 6 M HCl for about 1 hour to remove any metallic impurities present. The RVC
material was then washed thoroughly with DI water to remove the acid. The pH of the
washed solution was periodically checked until the pH was neutral. Finally, the RVC was
soaked in methanol for 2 – 5 minutes to remove any organic impurities present on the
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interior surface of RVC. This was followed by drying in a vacuum oven at 110 oC for 3 –
4 hours. The RVC material was then ready to be used. It was used immediately following
this treatment or it was stored in a tightly-capped wide-mouthed bottle.

2.2.3

Preparation of SPA-RVC composite
A previously pretreated RVC cylinder was used in experiments where the RVC

was filled with the superporous agarose. Superporous agarose was prepared by the
method used by Larrson et. al. [14] via a microemulsion technique. Weight of agarose
corresponding to 3% percent (w/v) or 0.6 g of agarose powder was added to 20 mL of DI
water. The mixture was heated in a water bath to approximately 70 oC and was held at
this temperature until the mixture became transparent indicating that the agarose had
dissolved. The solution was stirred and further heated for 5 more minutes followed by
cooling to about 50 oC. A premixed solution of 0.6 mL Tween-80 and 10 mL of
cyclohexane was then added to the warm agarose solution with constant stirring using a
glass rod. Stirring was continued for about 2 more minutes until the mixture became
homogeneously milky indicating that the microemulsion had formed. Samples containing
1, 2, 4 and 6 % w/v of agarose were also prepared similarly. In each case, care was taken
that the temperature did not rise to over 50 oC, or else the cyclohexane phase would start
boiling creating undesired very large pores in the superporous agarose. The warm agarose
microemulsion was then poured into the barrel of the syringe and forced into the RVC
cylinder that was fitted onto a syringe using a heat shrink tube as described earlier. The
RVC cylinder containing the agarose microemulsion was then allowed to cool to room
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temperature. The RVC cylinder containing the solidified agarose microemulsion was then
washed several times with methanol to remove the organic phase followed by several
washes in DI water. The shrink tube was then cut open and the ends of the SPA-RVC
cylinder were trimmed by 1 mm using a razor to remove excess superporous agarose. The
SPA-RVC composite cylinder was be used immediately or was stored in TBS containing
20 mM sodium azide at 4 oC.

2.2.4

Fabrication of RVC and SPA-RVC composite electrodes
A graphite tube of dimensions 3.0 mm o.d. x 2.0 mm i.d. and 4.0 mm height was

first fabricated by drilling a hole through an EDM grade graphite rod of 3 mm diameter
using a mini lathe with a drill bit of 2.0 mm diameter. A 200 µL polypropylene
micropipette tip was cut off by about 1 cm from the lower end (narrow region of the tip)
so that the outer diameter matches that of the graphite tube. The graphite tube was then
fixed onto the pipette tip using a polyolefinic heat-shrink tube in such a way that a part of
the graphite tube was still exposed. Electrical connection was made to the graphite tube
by winding a gold wire on to the outside of the exposed graphite cylinder and leaving an
open end of the wire to make connections to the potentiostat. This electrode was then
inserted into another heat shrink tube with a slightly larger diameter so as to insulate the
exposed part of the graphite tube and the partially exposed gold wire. Electrical
connectivity between the inside of the graphite tube and gold wire was checked using a
multimeter. All exposed graphite surface especially the edges were covered with a
solution of high impact polystyrene (HIPS) dissolved in mesitylene and dried at room
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temperature. Care was taken not to cover the interior of the graphite tube with HIPS
solution. A cylinder of RVC material was made by punching a 12 gauge syringe needle,
with its sharp end leveled off, into an RVC foam block. The RVC inside the syringe was
taken out and was then cut to a length to give dimensions of 2.0 mm dia. x 5.0 mm ht.
This was followed by inserting the RVC into the graphite tube electrode that was
fabricated as described above. Excess of this RVC material was cut using a razor blade.
Similarly, the SPA-RVC composite cylinders made as described were cut to size and then
inserted into the graphite tube electrode. The fabricated electrode design is illustrated in
Figure 2.1. Typical problems in using RVC material as electrodes were to provide good
electrical connections and a design to allow uniform potential distribution throughout the
RVC material. Electrodes fabricated therefore had multiple point of contact with a use of
graphite tubes with small diameter to ensure good electrical connection and a uniform
potential distribution. The electrical resistance of the electrode was measured using a
multimeter with one of its probes connected to the gold wire and the other to the RVC
material, taking care that the probe did not touch the graphite tube. Electrodes were
selected for use in subsequent electrochemical experiments only if they exhibited
resistances less than 50 Ω between the RVC and the gold wire contact.
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Figure 2.1 a) Computer aided design diagram showing the fabrication design of RVC
electrode and SPA-RVC composite electrodes b) photograph of actual RVC
electrode fabricated. The total length of the electrode is approximately 1.5
inch, c) electrochemical cell setup used with SPA-RVC electrode.
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Various other electrode designs as shown in Figure 2.2 were also fabricated in the
lab. Figure 2.2a shows an electrode design that was fabricated with an RVC cylinder held
intimately in contact with a graphite rod using a mixture of graphite powder and beeswax
50 % w/w. A heat shrink tube was then fitted onto the electrode surrounding the RVC
cylinder. Electrical contact was made using a small metallic rod fitted into the graphite
rod. This electrode design can perform electrochemical detection but did not have flowthrough capability for ease of solution handling and therefore it was not used. Figure 2.2b
shows an electrode design that had an RVC cylinder fitted onto a micropipette tip with
gold wire in contact directly with the RVC with no graphite tube. A shrink tube was then
wrapped around it. The surface area of the gold in contact with the solution was roughly
about 2 x 10-3 cm2. This design has a flow through design and could be used with a
micropipette to handle solutions. The problem with this design was that the gold wire was
in direct contact with the electroactive solution and would interfere with the
electrochemical detection process. Figure 2.2c shows a similar design as that of Figure
2.2b, except that instead of gold wire a carbon fiber bundle was used to make electrical
connections to the RVC using small quantity of the mixture of graphite powder and bees
wax (50% w/w). This design looked promising as all the material used were made of
carbon and would provide minimal electrochemical interferences. The only problem in
this design was the carbon fiber bundle was very brittle and would break easily when any
flat metallic clips were used to make electrical connections to the potentiostat.
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Figure 2.2 RVC electrode designs with a) an RVC electrode with a design problem of
flowing solutions through it b) a flow-through design of RVC electrode with a
problem of gold wire in direct contact with the solution during an
electrochemical experiment, c) electrical connections made using carbon
fibers that are brittle making it hard for connections with potentiostat.
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2.2.5

Capacitance measurements
Double-layer capacitance measurements of the electrodes were carried out using

the following procedure. The RVC electrode was rinsed with TBS and then dipped in a
cell containing 250 mM TBS. A three electrode electrochemical cell was used with the
RVC electrode as the working electrode, Ag/AgCl reference electrode and Pt wire as
auxiliary electrode. The area of the Pt wire dipped inside the solution was about 0.6 cm2,
which was lower than the area of the working electrode (~1.2 cm2). As the magnitude of
the currents involved in the measurements was on the order of microamperes, usage of a
higher surface area of auxiliary electrode was unnecessary. A small potential window
triangle-wave, 0.050 V – 0.060 V at a scan rate of 0.01 V s-1 was then applied to the RVC
working electrode against Ag/AgCl reference electrode. A scan rate of 0.05 V s-1 was
used in case of commercial glassy carbon disk electrode. The current outputs were
recorded against the applied potential to obtain a voltammogram. The current and scan
rate values were then used for calculation of capacitance values using the following
equation, Δi = 2ν .CDL , where Δi is the difference in the anodic and cathodic currents
obtained from the voltammogram, ν = scan rate of the applied potentials and CDL is the
double layer capacitance of the electrode. The capacitances per unit area of the electrodes
were then obtained by normalizing to surface area. Capacitances for SPA-RVC
composite electrodes containing 1, 2, 3, 4 and 6 wt. % of superporous agarose, and
background capacitance of the graphite tube without RVC or SPA-RVC composite
material were also measured.
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2.2.6

Surface area measurements
Surface area measurements on RVC were made using the Brunauer-Emmett-

Teller (BET) surface analysis method [15]. For this purpose, 0.060 gms of RVC was
allowed to degas for over 3 days at 1 x 10-7 torr in the degas manifold of the instrument.
The difference in weight of the empty tube and the tube containing the degassed sample
was measured and was used for calculations. Both N2 and Kr adsorption isotherms were
obtained for the RVC sample at various pressure ranges. This technique allowed the
determination of the surface area per unit weight of the RVC electrode materials.
Mercury porosimetry on the RVC sample was performed to provide average pore
diameters and intrusion volumes of the RVC materials. The experiment was performed
by loading a small piece, weighing about 0.2 gm, of RVC material into a penetrometer.
The penetrometer consists of a glass sample cup connected to a metal-clad precision-bore
glass capillary stem. The penetrometer was sealed and placed in a low-pressure port,
where the sample was evacuated to remove air and moisture. The port for evacuation and
low-pressure analysis was the same; there was no separate preparation unit. The
penetrometer’s cup and capillary stem were then backfilled with mercury with the lowest
possible pressure. Excess mercury was automatically drained back into the internal
reservoir; only a small amount remains in the penetrometer. Various pressure points were
identified and indicated on the instrument to measure the intrusion volume at those
pressures. The instrument automatically collects data for low-pressure measurements
over the range of pressures. Variable pressure (0 to 50 psia) of mercury was applied to
provide the plot of pressure versus intrusion volume. High-pressure port analysis
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(atmospheric to 33,000 psia) was not performed for the RVC material because
micropores within the RVC strands were not expected.

2.2.7

Electrochemical tests on SPA-RVC composite electrodes
The SPA-RVC composite electrodes were tested with 1 mM K3Fe(CN)6 prepared

in TBS solution to verify internal volume and to confirm restricted diffusion behavior.
About 2 mL of each of the solutions were pipetted into an electrochemical cell. A threeelectrode setup was used as described in the earlier sections. The working electrode was
SPA-RVC composite electrode which was filled and dipped into a 1 mM K3Fe(CN)6
solution in TBS. Potential scans between 0.7 V to -0.3 V and back to 0.7 V were applied
with a scan rate of 5 mV s-1. The potentiostat recorded the current outputs to obtain a
cyclic voltammogram of current versus potential. Background scans on only the TBS
containing no K3Fe(CN)6 were also performed. SPA-RVC electrodes were similarly
tested with 0.01, 0.02, 0.05, 0.1, 0.5, 1 mM solutions of 4-aminophenol (PAP) in TBS. A
potential sweep between -0.2 V to 0.4 V and back to -0.2 V was applied with a scan rate
of 1 mV s-1.

2.2.8

Scanning electron microscopy
Thin and flat samples of superporous agarose with 3 % agarose were made by

pouring the emulsion between two microscopic slides with a spacer of 2 mm thickness.
The samples were washed thoroughly with methanol followed by DI water. The sample
was partially dried using Kimwipes® prior to mounting on the SEM sample holder and
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then into the SEM sample chamber. The pressure in the chamber was brought down to 30
Pa and the electron beam voltage was set to 150 KV to obtain images. SEMs of RVC and
SPA-RVC composite were also obtained similarly.

2.2.9

Laser scanning confocal microscopy
Drops of warm superporous agarose microemulsion, prepared as described earlier,

were poured onto a glass microscope slide. The sample was allowed to cool until the
microemulsion solidified. The sample was then peeled off the microscopic glass slide and
transferred into a petri-dish. Agarose was then washed thoroughly with water and
methanol until all organic reagents were removed. Avidin was then immobilized onto the
interior surface of superporous agarose by a procedure that is described in detail below
(section 2.2.10.). The superporous agarose material was then washed several times with
TBS to remove any excess of unreacted avidin. The cleaned superporous agarose was
treated with 1 mL of 0.5 mg mL-1 of biotin-labeled fluorescein for 30 minutes. The
sample was washed multiple times with TBS until the excess biotin-labeled fluorescein
was completely removed. The sample was then placed on a microscopic slide and
mounted on the confocal laser scanning microscope consisting of Plan-Neofluar 40X/1.3
oil objective. The laser source pinhole of 88 µm and the laser excitation wavelength of
488 nm were set on the instrument to acquire images of the superporous agarose.
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2.2.10 Immobilization of avidin onto SPA-RVC composite
A large cylinder of RVC material wrapped with a shrink tube was first mounted
onto a syringe and pretreated and cleaned using HCl and methanol as described earlier.
The shrink tube on the outside of the RVC cylinder was cut open using a razor blade.
This RVC cylinder was further rinsed with water followed by methanol and completely
dried in vacuum oven at 110 oC for 3 – 4 hours. The RVC material was then cooled and
remounted onto the syringe using a shrink tube as it was done for the pretreatment step.
SPA-RVC composite was then prepared by following the steps as described above. In
this case the shrink tube was not cut open. Instead the SPA-RVC composite cylinder
mounted on the syringe was directly used for the process of immobilizing of avidin onto
surface of agarose.
The RVC containing the agarose was thoroughly washed with methanol followed
by water to remove any organic reagents. A solution of 10 mL of 20 mM NaIO4 in DI
water was drawn in and out of the RVC composite using the syringe for 5 – 8 minutes.
Later the solution was held in the composite for 30 minutes to allow the activation of the
diols to create aldehyde sites required for avidin to attach. The composite was then
washed with DI water several times to remove excess of NaIO4. The composite was then
washed with TBS followed by drawing a solution of 1 mg mL-1 avidin prepared in TBS.
The solution was held inside the electrode for 30 min. About 20 mM sodium
cyanotrihydridoborate prepared in water was then added to the above avidin solution.
Care should be taken when handling sodium cyanotrihydridoborate due to its high

51

toxicity. The electrode was left overnight in the above solution. The RVC was washed
thoroughly with TBS to remove excess reagents.

2.2.11 Determination of biotin binding sites
The number of avidin sites that were available for biotin moieties to bind inside
the

electrode

was

determined

electrochemically

and

fluorometrically.

The

electrochemical procedure is as follows. Avidin activated SPA-RVC composite
electrodes, prepared using the procedure given above, was used. The electrodes were
initially washed with TBS-T20-BSA blocking buffer several times. The electrode was
dipped into a 100 µL of a solution of 0.1 mg mL-1 biotinylated alkaline phosphatase (bALP) prepared in TBS-T20-BSA buffer for 30 minutes with intermittent flushing of the
above solution for equilibration. The electrode was then washed with about 5 batches of
10 mL each of TBS-T20-BSA buffer to remove any unreacted b-ALP. Finally the
electrode was washed several times with TBS. An electrochemical cell was configured
for using a LSV method for detecting PAP as described above. The electrode was then
dipped into 1 mL of a 0.5 mM solution of 4-aminophenylphosphate (PAPP) substrate in
TBS. The stop clock was started at this point to note the time of the start of the catalytic
conversion of PAPP to PAP. The time was also noted down for the event of occurrence
of peaks at around 0.07 V. In cases where clear peaks were not observed the time when
the potential reaches 0.07 V was noted. A control experiment was carried out by
following the above procedure using an SPA-RVC electrode that did not have any avidin
covalently immobilized onto the agarose.
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The number of biotin binding sites was also determined for comparison using
fluorescence spectroscopy. An avidin-modified SPA-RVC electrode was treated with 3
mg mL-1 biotinylated fluorescein prepared in TBS for 30 minutes with intermittent
flushing. The electrode was then washed thoroughly with about 50 mL of TBS to remove
excess of biotinylated fluorescein. The SPA-RVC composite cylinder was taken out from
the graphite tube of the electrode and placed in vial containing 1 mL of TBS solution.
The composite material was crushed well and heated to about 70 oC for 3 – 5 minutes to
dissolve the agarose. The entire solution was then transferred into a fluorescence cuvette.
An emission scan was obtained at an excitation wavelength of 490 nm. The standard
addition method was then used to determine the amount of bound fluorescein. Constant
volumes of exactly 1 µL of 0.1 M biotinylated fluorescein stock solution were added to
the cuvette that contained the sample and a fluorescence spectrum was obtained
following each addition. A fluorescence spectrum for an SPA-RVC electrode that did not
have avidin immobilized into it and was subsequently incubating with biotinylated
fluorescein was also acquired. The procedure that was followed for an electrode with
avidin immobilized into it was followed. This experiment served as a control to provide
the background fluorescence signals obtained by the biotinylated fluorescein that was not
directly attached to avidin groups inside the electrode.
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2.3
2.3.1

Results and discussion
Structural characterization of RVC
A scanning electron micrograph of the RVC material as received from the

manufacturer is shown in Figure 2.3. It can be viewed as a three-dimensional (3D)
honeycomb structure. The structure was formed by strands of glassy carbon that meet at a
junction to form trigonal struts of a honeycomb structure. The trigonal strut, hidden
below and out of view, makes it more of a tetrahedron thereby making the RVC have a
rigid but porous structure. The surface area may be theoretically calculated as follows.
Each pore was assumed to be a hollow sphere with a diameter of 200 µm and these
spheres were assumed to be tight three-dimensionally packed to form a cube with volume
of 1 cm3. The maximum number of spheres that fit into the 1 cm3 cube was calculated.
The packing efficiency was considered to be that for highest packing density, which
means that the volume occupied by spheres per unit volume of total volume was highest
in this system. Hexagonal closed packing and face-centered cubic packing is considered
to be most densely packed with a packing efficiency of 0.7405. The total volume of 1 cm3
was multiplied by 0.7405 to obtain the total volume occupied by spheres only, which was
then divided by the volume of each 200 µm diameter spheres to obtain the total number
of spheres per unit volume. The surface area of each sphere was then multiplied with the
number of spheres to obtain total surface contributed by spheres alone. The total surface
area was divided by the total volume it occupied to provide surface area per unit volume.
The surface area per cubic centimeter was therefore obtained to be 22 cm2 cm-3. This
method may not be very accurate as RVC is an interpenetrable network and can be
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assumed to be overlapping of spheres thereby contributing only part of the total surface
area from each sphere.
Friedrich and co-workers have described an approximate means of estimating
RVC surface area from these structural parameters [4]. The total surface area of the 3D
material calculated by Friedrich et. al. was by addition of surface area contributed by the
struts and strands seen an SEM image of RVC and extrapolating to a volume of RVC
material. Our approach of theoretically determining the surface area was by considering
packing of hollow ellipsoid whose walls are constructed from 15 struts and 27 strands
and rest of the surface as void areas. The number of struts and strands in each ellipsoid
was based on the observing several ellipsoids in the SEM images of RVC that provided
an average of 15 struts and 27 strands. One representative ellipsoid is shown inside the
rectangular box in Figure 2.3a. To fully characterize the structure of RVC it is necessary
to consider parameters such as pore size (pore openings), ellipsoid diameters, ellipsoid
volume, strand length, strand thickness, thickness of strut and area of strut. To find the
area of the strut, the trigonal strut was assumed to be circle although it was not accurate
to measure the struts as circle; it could provide a closest estimate of the area of the strut.
The scanning electron micrographs shown in Figure 2.3b provide the following values for
RVC structural parameters: the pore diameter was 193 ± 51 µm, strand length was about
134 ± 28 µm and strand thickness was about 52 ± 6 µm. The strand area is about 7.0 ±
1.7 x 10-5 cm2. The strut diameter was 90 ± 5 µm, therefore the strut circle area is about
6.4 ± 0.5 x 10-5 cm2. The total surface area for each sphere then would be the area
contribution from each strut and strand to that ellipsoid. The interior surface area of each
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ellipsoid in this case was about 3.0 x 10-3 cm2. Also from the figure, the height diameter
of the ellipsoid was found to be 0.055 ± 0.005 cm and two width diameters of 0.037 ±
0.004 cm, therefore the volume of 3.1 ± 0.1 x 10-5 cm3. Since the total free volume of
RVC material obtained experimentally is 95 % (discussed in later sections), the total
number of ellipsoids in 1 cm3 is about 2.4 ± 0.1 x 104. The total surface area per volume
of RVC material in this approach was about 70 cm2 cm-3. This value was close to the
experimentally obtained value of 79.2 ± 0.7 cm2 cm-3 that we obtained from mercury
intrusion porosimetry and also to the value of 65 cm2 cm-3 reported in the manufacturer’s
specification sheet [16]. Errors in this methods is associated in the approximation of the
number of struts and strands in each ellipsoid and in assumption of each stand being a
rectangular face and each strut being a circle.
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Figure 2.3 Scanning electron micrograph of reticulated vitreous carbon material a) SEM
showing pore diameter measurents, b) SEM showing strand lengths, strand
thickness and strut diameters
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Figure 2.4 Packing of spheres to represent the pores in RVC a) hexagonal closed packing
of spheres b) face-centered cubic packing of spheres both show highest
packing efficiency of 0.7405
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The pore size distribution and intrusion volume of the RVC material were
measured using mercury porosimetry. The theory of mercury porosimetry was based on
the principle that a non-reactive, non-wetting liquid specifically mercury will not
penetrate the pores of RVC until sufficient pressure was applied to force its entry into the
pores. Porous materials were submerged in a fixed volume of mercury and the pressure
was increased hydraulically. As pressure increased, mercury intrudes into the sample’s
pores, beginning with those pores of largest diameter. The volume of mercury that was
penetrated into the pores was quantified by measuring the change in capacitance of the
penetrometer that was caused by the displacement of mercury inside the stem of the
penetrometer. The Washburn equation shown below describes the capillarity of a nonwetting liquid (i.e. mercury) in porous materials.
⎧1⎫
D = ⎨ ⎬ 4ν cos φ
⎩P⎭

……….

(4)

where, D is the pore diameter, P is the applied pressure, ν is the surface tension
of mercury (480 dynes cm-2) and φ is the contact angle between the mercury and the wall
of the sample (assumed be 140o). The volume of mercury V penetrating the pores is
measured as a function of applied pressure. This P-V information provides unique
characteristics of pore structure. Figure 2.5a, shows that as the pressure increases during
an analysis the volume of mercury required for filling the pores of a known mass of
RVC. Beyond 2 psia, the change in intrusion volume per gram of RVC was negligible
indicating that all the pores of RVC were completely filled. Figure 2.5b shows the pore
size that was calculated for RVC at each pressure points and the corresponding volume of
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mercury required to fill these pores. This provided the pore size distribution of the RVC
material which was a peaked function with a peak at approximately 200 µm.
The density of the RVC ligaments was measured with helium pycnometry and
was obtained to be 1.8 ± 0.5 gm cm-3. This value was of the order of the expected density
for glassy carbon which is between 1.5 – 1.8 gm cm-3 [5]. The free volume measured for
a RVC cylinder of 1.1 cm dia. x 0.6 cm ht. was 0.014 cm3 using Hg porosimetry. The
percent free volume calculated from the dimension and density values given above was
about 97 %. This was compared with value of 96% obtained from weight differences of a
dry RVC electrode and electrode completely filled with water along with a value of 95 %
that was obtained from Hg porosimetry.
The surface area per gram of material was 1,278 ± 11 cm2 gm-1 or 79.2 ± 0.7 cm2
cm-3 which was measured using BET surface area analyzer using Kr gas, indicated a
value in the macroporous structure range (i.e. pore size greater than 50 nm). The Kr gas
isotherm on RVC material is shown in Figure 2.6. The BET surface area was also
measured using the N2 gas adsorption isotherm, which was 3,700 cm2 gm-1 or 230 cm2
cm-3. The value obtained from N2 gas adsorption was higher than that obtained from Kr
isotherm. This is expected because the surface area of RVC is very relatively low, and
determination of specific surface area for low-area samples is known to be problematic
when using N2 as probe gas. Therefore no replicate experiments were carried out using
N2 gas isotherm. The BET surface area obtained by Kr gas adsorption isotherm was
considered to be closer to the true value and to the value given on the manufacturer’s
specification sheet of 65 cm2 cm-3. Table 2.1 shows a comparison of selected values that
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were obtained from the three methods of particle analyzers, BET surface analyzer, Hg
porosimetry and He pycnometry. Although there were some differences in the values
among the techniques, the data do very well indicate that the material was glassy carbon
with a macroporous structure. The capacitance values of the commercial glassy carbon
disk, RVC and RVC-agarose composite electrodes were calculated from CV data using
the equation, Δ i = 2ν C DL . Representative voltammograms for the determination of the
capacitance is shown in Figure 2.7. The capacitance per unit area of the electrode
provides the information on the characteristics of the material. The capacitance per area
(Table 2.1) of the RVC material, with no graphite tube and gold wire in direct contact
with the solution, was measured to be ~11 µF cm-2. The background currents obtained
from just the with gold wire were subtracted to obtain the capacitance per area of RVC
alone. A summary of all the physical characteristic values that we have obtained for RVC
material as well as SPA-RVC material presented in Table 2.2.
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Figure 2.5 a) Plot showing the cumulative intrusion volume as a function of pressure for
reticulated vitreous carbon material obtained from mercury porosimetry, b)
figure showing the differential intrusion volume as a function of pore size
diameter.
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Figure 2.6 BET adsorption isotherm of Kr gas on RVC material.
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0.25

Table 2.1 Selected values for densities, volume and surface area of RVC material using
different methods

Parameter
Surface area
2

-3

(cm cm )

BET Surface

Hg

Analyzer

Porosimetry

79.2 ± 0.7 (Kr ads.)
230 (N2 ads.)

Bulk densities
(gm cm-3)
Ligament density
-3

(gm cm )
Intrusion volume
3

*

-1

(cm gm )
Percent free volume
(%)

-NA-

He Pycnometry

267*

-NA-

0.096*

6.2 ± 0.2 x 10-2

at 0.56 psia Hg

-NA-

1.9*

1.80±0.05

-NA-

13.6*

-NA-

-NA-

95.2*

95.8 ± 0.5

“*”: Errors not determined.
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Figure 2.7 Voltammogram for measuring capacitance of the a) RVC material without
graphite tube and b) commercial glassy carbon electrode in TBS of pH 8.0
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Table 2.2 Physical characteristics of RVC and superporous agarose block material
Parameters

Values

Ligament density of RVC

1.80 ± 0.05 gm cm-3

a

Bulk density of RVC

6.2 ± 0.2 x 10-2 gm cm-3

a

Percent free volume of RVC

~95 %

b

BET surface area per gram of RVC

1278 ± 11 cm2 gm-1

c

Surface area per volume of RVC

79.2 ± 0.7 cm2 cm-3

c

Average pore diameter of RVC

195 ± 33 µm

b

Capacitance/area of RVC

~11 µF cm-2

d

Bulk resistivity of RVC

5 x 10-3 Ω cm-1

e

Average pore diameter of superporous agarose

53 ± 11 µm

f

Bulk density of 3% superporous agarose

1.8 ± 1 x 10-2 gm cm-3

a: Measured from helium pycnometer, b: measured from mercury porosimetry, c:
Measured using BET surface analyzer with Kr gas, d: measured using cyclic
voltammetry over a small potential range, e: brochure from ERG Aerospace [16], f:
observed under confocal laser scanning microscope.
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2.3.2

Superporous agarose
Agarose is a processed natural polysaccharide that has a primary structure

consisting of alternating residues of D-galactose and 3-anhydrogalactose. It is an
uncharged hydrophilic matrix with an abundance of primary and secondary alcohols,
which can be used for activation and attachment of biomolecules like enzymes, proteins
and oligonucleotides. The complex structure of agarose in water is described as multiple
fibers spun to form a fabric-like structure with large accessible pores. The knitted porous
structure of agarose is knotted at the juncture of the pores with strong hydrogen bonds
that can be disrupted with heating causing it to dissolve in water at temperatures above 70
o

C. Because of its good structural stability and large amount of available functional

groups for immobilization agarose was considered to be an ideal material to be used in
bioassays.
Macroporous structured agarose was prepared via the method described above
Superporous agarose as such is easy to handle and can be molded to any shape or size
into which the hot solution of superporous agarose was poured. See Figure 2.8b for a
superporous agarose cylinder. The interpenetrating agarose network allows free flow of
solution with pores large enough to allow for the in and out movement of large proteins,
oligonucleotides and other biomaterials of interest. The porous agarose material has a
large free volume with a very low dry bulk density. The bulk density of the 3%
superporous agarose was 1.8 ± 1 x 10-2 gm cm-3, and was measured by the ratio of
volume of fully wetted agarose material to the mass when completely it was dried.
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Figure 2.8 Photograph of (L – R), 6% superporous agarose, 3% superporous agarose and
reticulated vitreous carbon material

68

Superporous agarose prepared in our lab by micro-emulsion using TWEEN-80
forms macropores in the agarose gel. This was observed clearly in the SEM images and
was true for partially dried conditions under 30 Pa pressure as observed using variable
pressure environmental SEM. A representative micrograph is shown in Figure 2.9. The
figure shows bright areas that denote the agarose material with dark areas that display the
pores present in the agarose. The regions shown in circles are thought to be the
macropores that are formed in the agarose when the microemulsion is formed. They have
pore diameters which range from about 50 – 70 µm in size. The porosity range obtained
by Larsson et. al. was on the same order as that obtained in our lab [17].The region in the
figure shown in a rectangular block appears to be a crack in the sample probably due to
partially drying of the sample which caused it to shrink and break.
Measurement of pore size for a gelatinous material is more complex than it
appears as the presence of water makes the strands of agarose polymer swell making the
actual pore size smaller than that obtained for a partially dried superporous agarose. Also,
most of the imaging techniques that could be used to visualize pores require vacuum
technology which causes the water to evaporate thereby drying the sample and
irreversibly altering the pore structure. Therefore it is hard to obtain the real porosity of
the fully swelled superporous agarose in such cases. Some imaging techniques that used
vacuum technology other than variable pressure SEM was TEM imaging with a
modification in the sample holder in such a way that the sample was introduced into a
small cuvette that had a window on two sides and sealed with the sample well wetted
inside the cuvette, and using TEM with cryogenically frozen sample. None of these
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techniques provided a better estimate of the pore size than the SEM image in Figure 2.9.
In most cases this was due to sample damage caused during sample preparation.
Confocal laser scan microscopy (CLSM) is one technique that is well suited to
imaging of superporous agarose gels and did not require vacuum technology. A series of
images was acquired at different depths is described in the experimental section (section
2.2.9). Figure 2.10a shows a three-dimensional stack of 40 slices of images representing
36 µm thick superporous agarose acquired using a CLSM. The bright areas denote the
superporous agarose matrix. This was due to the fact that the fluorophore, biotinylated
fluorescein, was allowed to bind to the avidins present in the agarose matrix. The 20th
slice of the 3-D stack is shown in Figure 2.10b. The bright areas were present in the
interior structure of the solid agarose matrix. This indicates the avidins were distributed
all throughout the solid parts of the swollen porous agarose, and not just on the surface
regions. The darker regions marked as circles for both Figure shows pores and/or solution
flow paths formed in the superporous agarose. The average pore diameter was 53 ± 11
µm, which was on the lower end of the range that was measured when scanning electron
microscopy was used to image the sample. This finding reflects the fact that the agarose
was well swollen in water making the pore size smaller as compared to a partially dried
sample.
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Figure 2.9 Scanning electron microscopic image of superporous agarose with dark areas
showing the pores in present in agarose shown as bright areas.
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Figure 2.10 Confocal laser scan microscopic image of superporous agarose with bright
areas showing agarose structure where biotinylated fluorescein was bound
onto avidin capture moieties on the agarose a) 3-D stack of 40 slices of images
to give a volume view b) 20th image slice of 3-D stack image.
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2.3.3

Superporous agarose – reticulated vitreous carbon composite
SPA-RVC electrode containing 2 %, 3 %, 4 % and 6 % agarose were fabricated. It

was observed that 3 % agarose was the ideal composition. A 2 % mixture would slowly
leak out of the RVC material by viscous flow during use and composites of 4 %
superporous agarose and higher generated back pressures due to the higher density of
agarose and did not allow the suction generated by the micropipette to draw solutions into
it. Figure 2.11a shows representative photograph of a fully wet 3 % SPA-RVC composite
material under a lab microscope. The dark structure seen in the image is the RVC
material whereas the bright areas are the superporous agarose that was well swollen with
water. From this image the porosity of the superporous agarose was not clearly seen.
Confocal images in this case were not acquired as the RVC material in the composite was
not optically transparent. A SEM image acquired for the SPA-RVC material, as seen in
Figure 2.11b, showed that the porous features of superporous agarose were damaged due
to the sample drying caused by the vacuum.
The electrodes were fabricated using SPA-RVC composite material and tested
Based on the dimensions SPA-RVC cylinder (i.e. dia. = 2.0 mm and height = 4.0 mm)
and the free volume that the electrode contained within itself was about 12 µL. This is
calculated from the total volume of the cylinder with 95 % free space of RVC and 97 %
free space obtained from 3 % superporous agarose. This value corroborated with the
value of 13 ± 2 µL which was experimentally determined by the differences in the weight
of dry electrode and electrode filled with water followed by conversion of weight to
volume using density of water (1 gm cm-3).

73

The capacitance of the SPA-RVC composite electrode was measured to observe
the effect due to the agarose present inside the RVC material. The capacitance of these
electrodes with graphite tube alone (without RVC filled inside it) was about 135 ± 5 µF
and the electrodes with graphite tube that had RVC and the electrode made of graphite
tube, RVC and superporous agarose ranged about 150 ± 10 µF. The capacitance of RVC
alone was 15 ± 1 µF, which was obtained by measuring the capacitance of RVC electrode
fabricated using design (b) in Figure 2.2, followed by subtraction of the capacitance
obtained for gold wire alone. This shows that most of the capacitance in the SPA-RVC
composite cylinder mounted inside the graphite tubes was contributed by the graphite
tube which was used for electrical connections purposes. Graphite rods and tubes are
commercially fabricated using fine particles of graphite pressed together at high pressures
to form a rod or tube form thereby forming fine interstitial spaces. This explains the high
background currents contribution for the electrode. Sensitivity and detection limits for
assays performed using these electrodes could be enhanced either by eliminating or pretreating the graphite tube in order to reduce the background currents. The presence of 3 %
superporous agarose inside the RVC electrode did not affect the capacitance of the
electrode as agarose gel allows free movement of ions in the solution.
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Figure 2.11 a) Photograph under lab microscope and b) SEM image of SPA-RVC
composite material
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Figure 2.12 Double layer capacitance for, 1: RVC alone, 2: Graphite tube alone, 3: RVC
inside graphite tube, 4: RVC with 2% SP agarose inside graphite tube, 5:
RVC with 3% SP agarose inside graphite tube, 6: RVC with 4% SP agarose
inside graphite tube, 7: RVC with 6% SP agarose inside graphite tube.
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Table 2.3 Specific features of RVC and SPA-RVC electrode
Feature

Values

Free liquid volume per electrode for RVC electrode §

13 ± 2 µL

Surface area of RVC electrode*

~1.2 cm2

Weight of RVC material per electrode §

0.8 ± 0.1 mg

Weight of superporous agarose per SPA-RVC electrode £

0.21±2 mg

Capacitance of the SPA-RVC electrode (with graphite tube) §

150 ± 6 µF

Capacitance of the RVC electrode (no graphite tube) §

15 ± 1 µF

* : Calculated from weight and surface area per gm. of RVC per electrode. Includes
surface area of ~0.25 cm2 contributed from interior part of the graphite tube.
§ : Experimentally obtained values.
£ : Calculated from free volume of RVC electrode and bulk density of superporous
agarose.

77

2.3.4

Electrochemical testing of SPA-RVC electrodes
The SPA-RVC electrodes were tested for their effectiveness as working

electrodes, especially for making coulometric measurements, by using well understood
redox couples like 4-aminophenol (PAP) and potassium ferricyanide (K3Fe(CN)6). The
electrochemical reactions for K3Fe(CN)6 is given below.
Fe ( CN )6

3–

⎯⎯
→ Fe ( CN ) 4–
+ e – ←⎯
⎯
6

E o = + 0.36 vs Ag / AgCl …… (5)

Ferricyanide undergoes a single-electron redox reaction as shown above. As the
applied triangular wave-form potential is scanned from 0.7 V to -0.3 V and back to 0.7 V,
the output current is recorded. The applied potential causes redox-active molecules to
oxidize or reduce depending upon the applied potential. Upon oxidation the molecule will
deposit one or more electrons onto the electrode whereas on reduction the molecule will
accept electronic charge from the electrode thereby causing a change in the recorded
current in the external circuit. The total charge deposited by the ferricyanide ions onto the
electrode surface is calculated from integration of I-E curve over the background. The
equation below provides the number of moles of the redox molecules that correspond to
the amount of charge deposited at the electrode.
Q = nFN

……….

(6)

where, Q = amount of charge in Coulombs detected at the electrode; n = number
of electrons in the redox reaction; F = Faradays constant, 96500 coulomb.mole-1 and N =
moles of redox material depositing its charge at the electrode provides the information of
the total charge. When a redox molecule gets reduced inside a trapped space, pores in this
case, the oxidized species gradually depletes eventually turning all the oxidized species to
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reduced species. In such cases the current outputs at the electrode due to this process
becomes negligible and therefore the current curve falls to background currents. Also,
since all the redox molecules present inside the electrode deposits its charge to the
electrode, the total charge can be quantified making it possible to determine the absolute
amount of the redox molecules present in the electrode. The voltammogram shown in
Figure 2.13 for a solution of 1 mM K3Fe(CN)6 prepared in TBS that was filled inside the
electrode and dipped in the same solution, showed a behavior of a redox molecule that
was trapped in a region of small dimension. This was observed by the fall of the peak
almost to background current levels beyond the reduction or oxidation peak.
The electrode was also tested with varying concentrations of 4-aminophenol
(PAP). The electrochemical reaction for PAP, pKa1 = 5.3, pKa2 = 10.2 [18] is as follows,

.... (7)
The cyclic voltammograms of varying concentration of PAP using SPA-RVC
composite electrodes are shown in Figure 2.14. Similar observation of coulometric
detection was observed by the fall of recorded currents to values close to background
current at all concentrations. The total charge for each concentration is determined by
integrating the anodic peaks obtained in the voltammogram. As expected, the I-E curve
had a larger area when larger amounts of the redox molecules are detected. The percent
detection which was calculated from the ratio of the amount of moles of redox molecules
in the solution trapped inside the electrode that had an interior volume of 12 µL to the
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number of moles detected at the electrode. For lowest concentrations of PAP (i.e. 10
µM), the percent detection was lower at 54 ± 11 percent, whereas the percent detection
for concentrations above 0.1 mM of PAP was close 100 % as seen in the Figure. This
indicated that the detection of the redox molecule PAP was coulometric for
concentrations above 0.1 mM. At lower concentrations, creation of proper baseline and
dominance of high background current may cause lower percent detections. Also, as
observed in the voltammograms of both K3Fe(CN)6 and PAP (Figure 2.13 and Figure
2.14a), the peak heights and peak areas in the reverse scan was smaller than in the
forward scan segment. It was more prominent in larger concentrations like 1 mM and 0.5
mM PAP. This observation was possibly due to the contribution currents from the redox
solution present outside the electrode trying to diffuse towards the electrode causing the
forward scan to be larger. Over all these voltammograms indicate the possibility of
coulometric detection of redox molecules present inside the trapped spaces of SPA-RVC
electrodes.
Few other electrochemical characteristics were observed when the SPA-RVC
electrode was studied with variation in applied scan rates. Figure 2.15 shows the cyclic
voltammograms of 1 mM PAP prepared in TBS acquired at scan rates ranging from 0.1 –
0.001 V s-1 when a triangular-wave potential between -0.4 – 0.6 V was applied to the
SPA-RVC electrodes. It can be seen that the peak splitting increases with scan rate. The
possible reasoning for such a behavior could be the due to the slow electron transfer
kinetics of the redox molecule on to the electrode surface. Figure 2.16 shows a plot of
total charge, Q, obtained by integrating the peaks for each of the voltammograms, plotted

80

against the applied scan rates. It was observed that at lower scan rates the total charge
was constant. This is due to the fact that at lower scan almost all of the PAP present
inside the trapped volume of the electrode gets oxidized or reduced and gets depleted. At
higher scan rates the total charge diminishes as some of the PAP is left unreacted. For
quantitative detection using SPA-RVC electrodes, it is important to conduct
electrochemical experiments in the time domains where coulometric detection is possible.
Figure 2.16 shows a plot of log of Faradaic peak currents versus log of applied scan rates
for SPA-RVC electrodes and are compared with calculated peak current values for planar
electrode with a semi-infinite geometry as seen by Randles-Sevcik equation (Eq. 2). The
peak currents were calculated using an electrode area same as that of SPA-RVC electrode
(~1.2 cm2) and a diffusion coefficient of 7.2 ± 0.9 x 10-6 cm2 s-1 for PAP in TBS. In SPARVC electrodes, the dependence of peak currents to scan rate is non-linear as seen in the
plot. The tangential slope of the curve at higher scan rates was 0.19 ± 0.01 and that at
lower scan rates was 0.96 ± 0.02. For planar disc electrode with a semi-infinite geometry
and linear diffusion, the curve is linear with a slope of 0.5 as observed in Randles-Sevcik
equation. In case of SPA-RVC electrodes, if the scan rates are slower than 0.001 V s-1
then the slope tends to 1, indicating a coulometric behavior of a redox molecule trapped
in a confined space of the porous electrode. At scan rates higher than 0.1 V s-1, the peak
currents would tend to become independent of scan rates due to the high ohmic
resistances inherent to the electrode materials. At high scan rate, the growth of diffusion
layer in the experimental time scales is relatively small. If the scan rates were further
increased, then the peak currents become independent of scan rates due to ohmic
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resistances inherent to the electrode materials. Here the variation of the slope with
different scan rates is due to the transitional behavior in the diffusion profile at different
experimental time domains. At lower scan rates the diffusion layer completely consumes
the pore volume during the scans. Overall this behavior is observed due to the complex
porous electrode surface with redox molecules trapped inside the pores.
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Figure 2.13 Cyclic voltammogram of K3Fe(CN)6 for an electrode filled and dipped inside
1 mM K3Fe(CN)6 prepared in TBS at a scan rate of 5 mV s-1 using SPA-RVC
electrode.
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2.3.5

Immobilization of avidin in SPA-RVC electrodes
Figure 2.18 shows the reaction by which avidin was covalently bound to the

surface of superporous agarose to create biotin capture sites. Creation of biotin capture
sites onto the surface of superporous agarose was a critical step as it was essential to have
a large number of capture sites which enables high probabilities for analyte capture with
low concentrations of biotinylated analytes onto these capture sites. The activation
chemistry was based on the formation of aldehyde groups on the superporous agarose
matrix which can be used for ligand (i.e. avidin in this case) immobilization via
subsequent reaction with primary amines. In the present work NaIO4 was used for
creating aldehyde groups on the agarose surface. These aldehyde groups were created due
to the mild oxidation of the diols present in the sugar monomer as shown in Figure 2.18b.
The meta-periodate breaks the carbon-carbon bonds between the adjacent hydroxyl
residues creating two aliphatic aldehydes [2]. The number of aldehyde groups formed in
the agarose matrix depends on the time of reaction with agarose and concentration of the
meta-periodate used. The aldehyde groups that are formed could be used for reductive
amination coupling of biomolecules that contain free amine groups. Avidin molecules
contain surface amine groups that are available for reaction [3, 4]. These amine groups
react with the aldehyde groups of the activated agarose via nucleophilic addition reaction
to form Schiff bases as shown in Figure 2.18. Sodium cyanotrihydridoborate then acts as
a mild reductant and rapidly reduces the Schiff bases to form secondary amines thereby
immobilizing the protein onto the agarose matrix through carbon-nitrogen bonds.
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Figure 2.18 a) Reaction showing periodate activation of superporous agarose and
immobilization of avidin onto the surface of superporous agarose via
reductive amination, b) nucleophilic addition of amines with aldehyde
functional groups to form imines.
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2.3.6

Determination of avidins inside SPA-RVC electrodes
Once the avidin was covalently immobilized onto the agarose in the SPA-RVC

electrode, it was critical to obtain the amount of the binding sites that were available for
biotin moieties to bind. Two methods were used and their experimental schemes are
shown in Figure 2.19. One is based on electrochemical detection of PAP generated by
catalytic conversion of PAPP to PAP by the captured b-ALP. The other is based on direct
detection of fluorescein from captured biotinylated fluorescein (b-fluo). The experimental
details of both the methods are shown in Figure 2.19. For the first method all the avidin
sites in the avidin-activated SPA-RVC electrode were saturated with b-ALP and an
attempt was made to find the amount of enzyme labels that were bound to the agarose
matrix using electrochemical methods. The values obtained using electrochemical
methods were compared with fluorometry, where the avidin sites were saturated with bfluo followed by quantifying the b-fluo via standard addition method. Control
experiments were carried out in both methods by following the exact procedure using an
SPA-RVC electrode without avidin covalently immobilized onto agarose.

2.3.6.1 Electrochemical method
Figure 2.20 shows a plot of the peak currents that were obtained as a function of
time of occurrence of the peaks for the catalytic conversion of PAPP to PAP by the
bound b-ALP when most of the biotin capture sites in the SPA-RVC electrode were
saturated with b-ALP. The protocol used to obtain the number of binding sites present in
the electrode is discussed below. First the activity of b-ALP enzyme was obtained by a
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spectrophotometric method. UV-VIS spectroscopic method was used to determine the
activity of the enzyme using 4-nitrophenylphosphate (PNPP) prepared in TBS as the
substrate. Activity of b-ALP was found to be 345 µmoles min-1 mg-1. An assumption was
made that the activity of the enzyme for the two substrates, PNPP and PAPP, were
similar due to a closely related molecular structure of the two molecules. The plot of peak
current versus time curve for catalytic generation of PAP was then fitted using a nonlinear least-square fit using the one site direct-binding saturation curve equation,
y = Vmax . x / ( K + x) . The initial slope of the curve shown in Figure 2.20 was found to be
1.63 ± 0.04 x 10-6 Amps s-1. The units Amps s-1 was converted to mM s-1 using an
equation for correlation of peak current to the concentration of PAP used for detection
and was determined as shown below.
The correlation of peak currents to the amount of PAP was obtained by LSV
detection of various concentration of PAP (in mM) prepared in TBS followed by
obtaining a curve for peak currents versus concentration of PAP. Figure 2.21a shows a
series of LSVs acquired for five different concentrations of PAP, ranging from 0.005 – 5
mM, by applying a linearly increasing potential ramp from -0.1 V to 0.4 V at a scan rate
of 0.01 V s-1. Figure 2.21b shows the log-log plot of peak currents obtained against
varying concentration of PAP. Here the background non-faradaic currents were
subtracted from the Faradaic currents for the reduction of PAP. The linear equation for
the curve was
y = 1.35x10-4 x
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……….

(8)

where x is concentration of PAP in mM and y is the corresponding peak currents in
Amps. Using Eq. 8, the initial slope of curve in Figure 2.20 (shown as upper curve) of
1.63 ± 0.04 x 10-6 Amps.s-1 was converted to 8.7 x 10-3 µmoles.min-1 of PAP generated in
~12 µL electrode. From the activity of b-ALP (345 µmol.min-1.mg-1), the amount of bALP bound inside the electrode was found to be 2.5 ± 0.07 x 10-5 mg for two replicate
experiments. A control experiment in which an SPA-RVC electrode without any avidins
covalently immobilized, shown as the lower curve in Figure 2.20, provided that 2.13 ±
0.07 x 10-7 mg of b-ALP was bound onto the electrode. Note that this value is less than 1
% of the value for the electrode that had been treated with avidin prior to exposure to bALP. The difference in the values obtained for an electrode with and without covalent
immobilization of avidin was 2.5 ± 0.07 x 10-5 mg, and therefore provided the amount of
b-ALP that bound specifically to avidins on the electrode. The amount of b-ALP (MW =
140,000) bound inside the electrode was therefore about 1.8 ± 0.05 x 10-10 moles.
Assuming the mol ratio of avidin-b-ALP binding was 1:1 (due to the steric hindrance of
large molecule like b-ALP to bind at 4 sites of avidin) the amount of avidin bound inside
the electrode was roughly about 1.8 ± 0.05 x 10-10 moles.

90

Figure 2.19 Experimental details for determination of number of biotin binding sites
inside SPA-RVC composite electrodes a) using electrochemical methods b)
using fluorescence spectroscopy method.
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Figure 2.20 Peak currents obtained with linear scan voltammograms (not shown) when
all the biotin binding sites were saturated with b-ALP for SPA electrodes with
avidins immobilized and were compared with SPA-RVC electrodes without
any avidin immobilized.
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Figure 2.21 a) Linear scan voltammograms for different concentration of PAP obtained at
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PAP plotted against peak currents
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2.3.6.2 Fluorescence spectroscopic method
The amount of available sites for biotin moieties to bind inside the SPA-RVC
electrode was also determined via a standard addition method using fluorescence
spectroscopy. In this method the avidinylated SPA-RVC electrode was initially saturated
with b-fluo conjugate. The electrode was then crushed and heated to bring the agarose
into 1 mL TBS solution. Standard addition of known concentrations of b-fluo was then
performed to determine the amount of b-fluo bound inside the electrode. Details of the
procedure are given in the experimental section. Figure 2.22a shows the fluorescence
spectra for the standard addition of exactly 1 µL of 1 x 10-4 M of b-fluo to the
fluorescence cuvette containing the dissolved agarose. The inset shows the excitation
scan for the sample at 524 nm emission to obtain an excitation peak at 490 nm which was
set on the instrument for obtaining the emission spectra. Figure 2.22b shows the plot of
concentration of fluorescein added to the sample of b-fluo that was bound to the SPA
matrix. The fluorescence signal obtained for an electrode that did not have avidin bound
was subtracted to obtain the signals from b-fluo bound to avidin alone. The amount of bfluo bound on the surface of the SPA-RVC electrode was determined to be 1.9 ± 0.2 x 107

M or ~2 x 10-10 moles. The mole ratio of avidin to b-fluo being 1:4, the amount of

avidin inside the electrode was about 5 ± 0.06 x 10-11 moles or molar concentration of 4 x
10-6 M. This value was close (within a factor of three) to the value obtained using
electrochemical method.
Based on the amount of avidin bound on the agarose matrix inside the SPA-RVC
electrode, certain information on the coverage of avidins inside the electrode could be
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derived. Since the amount of agarose inside the electrode was roughly about 0.2 mg,
which is equivalent to 6 x 10-4 mol of agarose monomers, the moles of avidin bound per
mol of agarose monomer was roughly about 8 x 10-8 moles which means that one avidin
is bound for approximately 12 million agarose monomers. The biotin binding capacity
(BBC) of the SPA-RVC electrodes calculated from the amount of b-fluo bound per
volume of agarose which was approximately 15.8 biotin binding unit (BBU) per mL of
SPA, where 1 BBU will bind 1 µg of biotin). For comparison, a situation where the
planar surface of carbon was covered with a monolayer of avidin (dimensions =
60x55x40 Å) immobilized was chosen. The surface coverage on the planar carbon
electrode was reported to be about 3.6 x 10-12 mol cm-2 [19-20]. Assuming the similar
surface coverage was obtained with RVC surface, the amount of avidin bound on ~1.2
cm2 of RVC electrode area would be 4.3 x 10-12 moles. Approximately 42-fold
enhancement in the amount of avidins inside SPA-RVC electrodes was observed as
compared to monolayer coverage of avidin on RVC alone electrodes. The enhancement
could infact be much higher if the actual amount of avidin that could be bound to RVC is
less than 4.3 x 10-12 moles cm-2. The BBC of avidinylated SPA-RVC with 3% agarose
was comparable with the commercially available avidin-agarose (e.g. Sigma and Pierce)
which is typically 10 – 50 BBU per mL of 6% agarose gel. The loading of avidins could
be tweaked by the adjusting the reaction time of periodate activation step in the
immobilization procedure of avidins onto the SPA matrix.
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2.4

Conclusions
Reticulated vitreous carbon (RVC) material and superporous agarose (SPA) were

used for fabrication of three-dimensional flow-through electrodes. Studies were aimed at
understanding the structure and physical features of reticulated vitreous carbon foam
material, superporous agarose and the composite of SPA and RVC for their potential
application for fabrication of electrodes. The electrodes were fabricated in a flow-through
design which effectively helps facilitate solution handling as required for bioassays. The
electrodes could hold about ~12 µL of solution with electrode area of about ~1.2 cm2.
Electrochemical detection of ferricyanide and PAP using SPA-RVC electrodes provided
coulometric information of the redox molecule under study. High background currents
were obtained with the use of graphite tube in the electrode which could adversely affect
the detection limits of redox active molecules. Avidin capture moieties were covalently
immobilized onto the superporous agarose matrix inside the SPA-RVC electrodes. The
amount of avidin covalently bound inside the electrode was electrochemically determined
to be 1.8 ± 0.05 x 10-10 moles with the use of SPA-RVC electrodes and was corroborated
with value of 5 ± 0.06 x 10-11 moles obtained by fluorometry. Considering the
assumptions inherent in the two approaches, e.g. number of biotin binding sites per
avidin, enzyme activity etc, this is considered to be in good agreement. The surface
coverage of avidin was about five times higher in an SPA-RVC electrode when compared
to theoretical values for close-packed monolayer coverage of avidin on RVC electrode
alone. These electrodes could potentially be used as a platform for immobilizing various
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biotinylated capture molecules e.g. biotinylated capture DNA for a sandwich DNA
bioassay or to immobilize biotinylated enzyme for enzyme based biosensors.
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CHAPTER THREE
3

KINETICS OF IMMOBILIZED CONJUGATED ALKALINE PHOSPHATASE
ENZYMES USING RVC AGAROSE ELECTRODES

3.1

Introduction
Determination of kinetics parameters like Michaelis-Menten constant, Km and

maximum rate of reaction, Vm of the enzyme labels is essential for optimization of an
enzyme labeled bioassay. In this chapter, kinetic parameters of the avidinylated alkaline
phosphatase (av-ALP) and biotinylated alkaline phosphatase (b-ALP) is determined.
Avidinylated SPA-RVC electrode was used for the determination of the kinetics
parameters of captured av-ALP via electrochemical method and was compared with
values obtained for free av-ALP that was obtained spectrophotometrically. Kinetic
parameters of free b-ALP were determined via spectrophotometric alone. Prior to this, a
brief section on the principles involved in determination of kinetic parameters is
discussed.
Enzyme kinetics involves study of the rates at which enzyme-catalyzed reactions
proceed. Enzyme kinetics is often studied as a function of the substrate concentration
available to the enzyme. The kinetics of simple enzyme-catalyzed reactions were first
characterized by the biochemists Michaelis and Menten [1], for the case of a substrate S
interacting with an enzyme E via two main processes: the formation of an enzymesubstrate complex SE, where the substrate is bound to the enzyme, and the conversion of
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this complex into a product P and regeneration of the free enzyme. The mechanism of
this enzymatic reaction is represented by

E + S

k1
⎯⎯
→ E iS
←⎯
⎯
k−1

k2
EiS ⎯⎯
→ P + E

……….

……….

(9)

(10)

Here, k1, k-1, and k2 are rate constants associated with the reaction. The first step is
a reversible reaction, in which one molecule of S combines with one molecule of E to
form a complex denoted as SE with rate k1. The complex SE can either dissociate to one
molecule of E and one molecule of S with rate k-1 or undergo the enzymatic reaction to
release a molecule of P and a free molecule of E with rate k2. Assuming quasiequilibrium, a rate equation from the above equations can be derived. This rate equation
is well-known and is called the Michaelis-Menten equation given below.

ν =

Vm [ S ]

K m + [S ]

……….

(11)

where, the rate, v, describes both the formation rate of product and consumption
rate of substrate. The parameter Vm = k 2 C E0 is the maximal catalytic rate, where CE

0

denotes the enzyme concentration. This equation is based on an assumption leading to a
requirement that the equation be only valid during the initial stages of the reaction, where
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there is no back reaction. The maximum rate is attained when the enzymes are totally
saturated with substrate molecules. Moreover, Km = (k-1 + k2)/k1 is called the MichaelisMenten constant. The Michaelis-Menten constant ranges widely depending on substrate
concentration and environmental conditions. It provides a measure of the substrate
concentration required for significant catalysis to occur [2]. The substrate concentration
corresponds to half maximal rate, i.e [S] at Vm/2. It also implies the ratio of dissociation
rate and composition rate of enzyme-substrate complex. Consider a circumstance in
which k-1 is much greater than k2. Under such conditions, the Michaelis constant becomes
Km = k-1/ k1 [3, 4].

Figure 3.1 Illustration of Michaelis-Menten kinetics plot
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The reaction rates may be plotted against substrate concentration as shown in
Figure 3.1 above. The plot has key features denoted as points A, B and C. A high
substrate concentration, the rate of reaction denoted at C is almost equal to the Vm. At this
point, the change in substrate concentration does not have much effect on the rate of
enzymatic catalysis and therefore at these regions the rates are said to be zero order in
substrate. On extrapolation of the reaction rates towards higher concentrations of
substrate, the reaction rate equals maximum rate of reaction, Vm. At higher concentrations
of substrate almost all of the enzyme molecules are bound to the substrate and therefore
any minor variation in concentration has little effect on the reaction rates. Points A and B
are in the region of lower substrate concentrations. Here the velocities are lower which
indicates that at any given time only a fraction of the total enzymes are bound to the
substrate. In fact, at the substrate concentration denoted by point B, exactly half of the
enzyme molecules are in the enzyme-substrate complex and the rate is exactly one half of
the Vm. At this value the amount of substrate concentration is said to be Km whose values
tells how much substrate is needed to make the reaction proceed. Higher Km values
indicate higher affinity of the enzyme to the substrate [5]. At substrate concentrations
near point A the rate appears to be directly proportional to the substrate concentration and
the rate of reaction is said to be first order in substrate.
Km and Vm values are important for carrying out enzyme-catalyzed reactions
especially for its use as an enzyme label, therefore, determination of these values is
critical. Knowing Km and Vm for an enzyme used in a bioassay helps to optimize the assay
conditions for best performance of the biosensor or bioanalytical assay. Km and Vm values
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can be obtained by linearizing the Michaelis-Menten equation to from Lineweaver-Burke
equation. In Lineweaver-Burke method the Michaelis-Menten equation was algebraically
rearranged to:

1/ v = 1/ Vm

+

K m /(Vm ⋅ [ S ])

........

(12)

Figure 3.2 shows an illustration of Lineweaver-Burke plot, where the reciprocal
of the reaction rates, 1/v are plotted against the reciprocal of substrate concentrations,
1/[S]. Here, the curve typically has a positive slope which is extrapolated towards the
negative x-axis. The intercepts made by this line on the x-axis equals -1/Km and the yintercept equals 1/Vm. The slope of the curve is the ratio of Km over Vm.

Figure 3.2 Illustration of Lineweaver-Burke plot for determination of Km and Vm.
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3.2
3.2.1

Experimental
Instruments, materials and buffers
UV-VIS spectrophotometric experiments were done using a Shimadzu UVPC

2101 dual - beam spectrophotometer. Electrochemical workstation used was CHI 660A.
Chemicals, material and buffers like TBS and TBS-T20-BSA used here are
reported in Chapter 2. Electrodes made from the avidin-activated SPA-RVC composite
material were fabricated as described in Chapter 2.

3.2.2

Electrochemical methods
Redox reactions of PAP were investigated using a series of linear scan

voltammetry. A three-electrode system was used consisting of SPA-RVC electrode as
described in Chapter 2. Linear scan voltammetry was carried out with potential ramp of
0.01 V s-1 between -0.04 V to 0.12 V with a rest period of 20 seconds at the start of the
scan.
To test the electrochemical stability of substrate PAPP, 1 mL of the above
solution was placed in an electrochemical cell. RVC electrode with no superporous
agarose was used as a working electrode. A triangular wave-form potential sweep was
applied between -0.3 V to 0.7 V and back to -0.3 V at a scan rate of 0.01 V s-1. Current
changes were obtained and were plotted against potential to get a cyclic voltammogram.
Another voltammogram was acquired for a fresh solution of PAPP with a triangular
wave-form potential scan between -0.2 to 0.35 V obtained at a scan rate of 0.05 V s-1.
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A spectrophotometric method for kinetic study of av-ALP was performed as
follow;

4-nitrophenylphosphate

solutions

were

prepared

with

the

following

concentrations 0.01, 0.03, 0.07, 0.15 and 0.2 mM, by dissolving the solid crystals 4nitrophenylphosphate in TBS. Exactly 1.90 mL of each of the solutions was transferred
into a glass cuvette. To this solution was added 100 µL of av-ALP solution (used as
received) and the cuvette was then immediately mounted into the UV-VIS
spectrophotometer. The change in absorbance with time was recorded at λmax = 410 nm.
Spectrophotometric studies of the kinetics of b-ALP were modified relatively to
those of av-ALP, 4-nitrophenylphosphate solutions with the following concentrations
0.003, 0.007, 0.01, 0.03, 0.07, 0.1, 0.5 and 1 mM were prepared in TBS. Exactly 2 mL of
each of the solutions were transferred into a glass spectrophotometric cuvette. To this
solution 10 µL of b-ALP as received from manufacturer was added and immediately
mounted into the UV-VIS spectrophotometer. The change in absorbance with time was
recorded at λmax = 410 nm.
An electrochemical method for kinetic study of av-ALP was developed using
avidin-activated SPA-RVC composite electrodes. The avidinylated electrode was
incubated with 100 µL of. 1 µg mL-1 b-BSA prepared in TBS for 30 minutes. The
electrode was washed with TBS followed by treating the electrode with excess amount
(~50 µg mL-1) of av-ALP. The electrode was washed prior to performing electrochemical
tests on immobilized av-ALP. Each electrode was then electrochemically tested with
0.01, 0.02, 0.03, 0.05, 0.07, 0.1, 0.2, 1 mM of PAPP in TBS by following the
electrochemical procedure described earlier.
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3.3
3.3.1

Results and discussion
Substrates under study
For

electrochemical

bioassays

typical

substrates

for

ALP

are

4-

aminophenylphosphate (PAPP), hydroquinone diphosphate [6] and naphthalene
phosphate [7]. 4-nitrophenylphosphate is ideal in cases where the product is desired to be
spectroscopically active (for colorimetric detection in UV-VIS region). In the
spectroscopic method used here for determination of kinetic constants of avidinylated
alkaline phosphatase, 4-nitrophenylphosphate was used as the substrate. As shown in the
reaction below, alkaline phosphatase being a hydrolase enzyme would catalytically
hydrolyze the phosphate groups when reacted with 4-nitrophenylphosphate to produce 4nitrophenol in alkaline pH conditions.
O
-

O

P

O

O-

NO2

ALP
H2O

HO

NO2

+

HPO42-

alkaline

4-nitrophenol, λmax = 410 nm

4-nitrophenylphosphate

…… (13)

Figure 3.3 is reproduced from work reported by Bowers et. al. [8], where the UVVIS absorption spectra of the substrate 4-nitrophenylphosphate and product 4-nitrophenol
in TRIS buffer solution of pH 8 was reported. The product 4-nitrophenol absorbs at
wavelengths in the range of 410 nm whereas the substrate does not absorb strongly at that
wavelength. This fact was used as an indicator for quantifying the amount of product
formed. The molar extinction coefficient of 4-nitrophenol was obtained by taking the
absorbance of 0.01 mM 4-nitrophenol in TBS. The absorbance of 0.15 was observed
from which the molar absorptivity coefficient, ε, was found to be about 15000 cm-1 mol-1,
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using Beers law, A

=

ε ⋅ b ⋅ c , where A is the absorbance and c is the optical path

length.

Figure 3.3 Spectral absorption curves for 4-nitrophenylphosphate denoted as “A” and 4nitrophenol shown as “B” in TRIS buffer, pH 8. Reproduced from George
Bowers et. al. with permission [8].

The substrate, PAPP was used in the electrochemical method that was developed
herein to determine the kinetic constants. Reaction below shows the catalytic hydrolysis
of PAPP to electrochemically active 4-aminophenol (PAP).
O
NaO P O

NH2

ALP
alkaline

HO

ONa
4-aminophenyl phosphate, disodium salt

NH 2
4-aminophenol
(redox active)
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+

Na2HPO4

…… (14)

The electrochemical reaction of this product, PAP is given below. The
electrochemical conversion of PAP is a two-electron process follows the Nernst equation
in ideal conditions.
HO

NH2

-2H-

O

NH

+

2e-

……. (15)

The standard reduction potential of PAP is E0 = 0.41 V at pH = 7, as observed by
Steenken, S. and Neta [9]. The enzymatically generated product, PAP, on exposure to
light and temperature irreversibly gets converted to quinone thereby resulting a loss to the
actual signal from the catalytic activity of alkaline phosphatase. Therefore it is important
to store the PAP solution under 2 oC and to use a solution that is freshly prepared every
60 minutes. This means that the electrochemical cell needs to be well jacketed when
performing the analysis. The degradation reaction of the intermediate product is shown
below.

…… (16)
Since PAPP was used as the substrate on a SPA-RVC three-dimensional
electrode, it became essential to understand the electrochemical behavior of the substrate.
Therefore cyclic voltammograms of the substrates were obtained at two different
potential ranges. One potential range was -0.3 V to 0.7 V and the other was -0.2 V to 0.35
V. Figure 3.4 shows the cyclic voltammogram with two potential ranges applied on a
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solution of 1 mM PAPP at a scan rate of 10 mV s-1. As the potential was swept from -0.3
V to 0.7 V, a peak is appeared at 0.55 V indicating that the initial oxidation followed by
hydrolyzes of PAPP to form quinine-imine occurred. When the potential was swept back
from 0.7 V to -0.3 V, a peak appeared at 0.0 V for reduction of quinine imine to PAP.
Appearance of pair of redox peaks near 0.1 V after the hydrolysis of PAPP indicates that
redox reaction of PAP accompanied the initial irreversible hydrolysis of PAPP. The
dotted curve in the figure shows the condition where the potential range was limited to a
smaller range of -0.2 V to 0.35 V. In this case PAPP was not oxidized and hydrolyzed to
PAP. Therefore for successful utilization of the substrate PAPP potentials higher than
0.35 V should not be applied to PAPP substrate as hydrolysis of PAPP to PAP occurs.
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Figure 3.4 Voltammogram of 1 mM PAPP prepared in TBS at two different potential
ranges at a scan rate of 0.01 V s-1.

112

3.3.2

Kinetics of substrate hydrolysis by avidinylated alkaline phosphatase

3.3.2.1 Spectrophotometric method
In this study, av-ALP enzyme was used to obtain changes in absorbance with time
using 0.01, 0.03, 0.07, 0.15, 0.2 and 0.5 mM 4-nitrophenylphosphate substrate. The slope
of the initial regions in the plot of absorbance versus time (not shown) was recorded as
the rate of reaction for each of the substrate concentrations. These values were then
converted from Δabs.min-1 units to amount of 4-nitrophenol generated per minute. Figure
3.5a describes the rate of reaction that was obtained for av-ALP conjugate against
different substrate concentration. It was observed that the rate of reaction, v, increases
with increase in substrate concentration, [S], and reached a steady-state value for 0.5 mM
of 4-nitrophenol phosphate. The data were fitted to a non-linear least square regression
following Michaelis-Menten equation. Figure 3.5b shows the Lineweaver-Burke plot
from the same data set. The data were fitted using linear regression curve fitting. Values
of Km and Vm for conjugated av-ALP calculated from y and x intercepts were 0.039 ±
0.009 mM and 15.6 ± 2.6 nmol.min-1 respectively.
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V m = 13.9 ± 0.9 nmol min-1
Km = 0.026 ± 0.008 mM
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Figure 3.5 Reaction rates obtained for av-ALP using UV-VIS spectrophotometric
method at λmax = 410 nm and it was plotted against 0.01, 0.03, 0.07, 0.15, 0.2
and 0.5 mM of 4-nitrophenylphosphate.
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Figure 3.6 Michaelis-Menten constants obtained for av-ALP from Lineweaver-Burke
plot using data obtained by UV-VIS spectrophotometric method
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3.3.2.2 Electrochemical method using SPA-RVC electrode
Similar data were obtained via electrochemical method using avidinylated SPARVC composite electrodes whose fabrication is described in Chapter 2. Figure 3.7a
shows the scheme where av-ALP enzyme was immobilized inside the SPA-RVC
electrode using b-BSA for kinetic study of the enzyme using electrochemical method.
Various concentrations (0.01, 0.02, 0.03, 0.05, 0.07, 0.1, 0.2 and 1 mM ) of the substrate
PAPP were used to determine the rate to obtain a series of linear scan voltammograms.
Figure 3.7b shows a series of linear scan voltammograms obtained for one of the
substrate concentrations (0.05 mM). The enzymatic conversion of PAPP to PAP took
place within the three-dimensional RVC electrode where the product and the reactants
were trapped. The electrochemically active product then reported a current signal at the
electrode as potential was swept. When the potential was switched back to initial
potential of -0.2 V and a resting period of 20 seconds was applied, the product of the
electrochemical reaction was converted back to PAP after the end of the first sweep. In
the subsequent potential sweep, the reported current curve was a combination of amount
of PAP catalytically generated in the previous sweep and freshly generated PAP due to
catalytic conversion in the current sweep. This process will continue until all the substrate
was eventually consumed and was converted to product. The time for occurrence of the
peaks were noted. The initial change in the slope of peak currents versus time provided
the rate of change of peak currents and was equivalent to the rate of reaction.
Figure 3.8 shows a plot of rate of change of peak currents, r, against 0.01, 0.02,
0.03, 0.05, 0.07, 0.1, 0.2 and 1 mM of PAPP. In this case the velocity of reaction, v is
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represented as “r” an electrochemical equivalent for rate of change of absorbance in
spectrophotometric experiments. This value was converted to nmols.min-1 using the
correlation of peak currents with the concentration of PAP at a scan rate of 10 mV s-1.
The detailed experiment is covered in Figure 2.21b in Chapter 2. A linear equation
obtained was y = 1.35 x 10-4.x, where y is the peak current and x is the concentration of
PAP in mM. The value for rate of change of peak currents “r” with units of amps s-1 was
converted to concentration values nmols min-1 “v” for each LSV scans using the equation
given above. Figure 3.9 shows the Lineweaver-Burke plot from which the Km was
calculated to be 0.037 ± 0.007 mM and Vm was calculated to be 0.0027 ± 0.003 nmol min1

.

The values for Vm obtained by UV-VIS and electrochemical methods could not be

compared in terms of activity of the enzyme in µmol min-1 mg-1 as the exact
concentration of av-ALP that was bound inside the electrode was not known.
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Figure 3.7 a) Scheme illustrating the immobilization of av-ALP onto SPA-RVC
electrode to study kinetics of av-ALP, b) multiple linear scan voltammetry
obtained for 0.01 M PAPP with av-ALP immobilized SPA-RVC composite
electrode at a scan rate of 0.01 V s-1.
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Figure 3.8 Rate of reaction for av-ALP, obtained electrochemically using avidinylated
SPA-RVC electrode, plotted against 0.01, 0.02, 0.03, 0.05, 0.07, 0.1, 0.2, 1
mM of PAPP substrate.
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Figure 3.9 Michaelis-Menten constants obtained for av-ALP immobilized inside SPARVC electrode using Lineweaver-Burke plot of data obtained by
electrochemical method.
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3.3.3

Kinetics of substrate hydrolysis by b-ALP
Kinetic parameters for b-ALP were also obtained in a similar manner as those for

av-ALP enzyme conjugate described above. Electrochemical methods to determine the
kinetic parameter for b-ALP was not carried out as it were not necessary and it was
expected that the kinetic parameters in case immobilized b-ALP would be similar to bALP in free solution. For the current study spectrophotometric method was followed.
Figure 3.10 shows the change in absorbance with time for 0.003, 0.007, 0.01, 0.03, 0.07,
0.1, 0.5 and 1 mM of 4-nitrophenylphosphate. From the initial rate of reaction, i.e. by
obtaining the slope of the curves, reaction velocities were plotted against substrate
concentration and are shown in Figure 3.11. The Lineweaver-Burke plot for b-ALP is
shown in Figure 3.12. The Km and Vm values obtained by Lineweaver-Burke plots were
0.022 ± 0.003 mM and 67 ± 4 nnol min-1, respectively.
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Figure 3.10 UV-VIS spectrophotometric measurement at λmax = 410 nm for substrate
concentrations of 0.003, 0.007, 0.01, 0.03, 0.07, 0.1, 0.5 and 1 mM of 4nitrophenylphosphate when b-ALP enzyme was used.
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Figure 3.11 Rate of reaction obtained spectrophotometrically at λmax= 410 nm for b-ALP
conjugate for various substrate concentrations.
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Figure 3.12 a) Lineweaver-Burke plot for determination of Km and Vm values obtained
spectrophotometrically at λmax = 410 nm for b-ALP conjugate.
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3.4

Conclusions
SPA-RVC composite electrodes were used for the determination of kinetic

parameters like Km and Vm values for av-ALP. These values were compared with those
obtained from spectrophotometric methods. The values for Km and Vm for av-ALP were
0.037 ± 0.007 mM and 0.027 ± 0.003 nmol min-1 respectively when electrochemical
method using SPA-RVC electrode was employed. The Km and Vm values obtained by
spectrophotometric method were 0.039 ± 0.009 mM and 15.6 ± 2.6 nmol min-1,
respectively. The Km values obtained by the two methods were similar. The Vm values
obtained by the two methods could not be compared as specific activities, since the exact
amount of enzyme bound inside the SPA-RVC electrode was not known. The kinetic
parameters for b-ALP were obtained only by spectrophotometric method and values for
Km and Vm were 0.022 ± 0.003mM and 67 ± 4 nmol min-1 respectively. The Km values for
these conjugated alkaline phosphatase labels were lower than the reported values for
alkaline phosphatase enzyme alone of 0.06 mM

for the catalysis of 4-

nitrophenylphosphate substrate [10].
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CHAPTER FOUR
4

DETECTION OF BIOTINYLATED BOVINE SERUM ALBUMIN USING SPARVC ELECTRODES

4.1

Introduction
In this Chapter, avidinylated SPA-RVC electrodes were tested for their feasibility

in carrying out sandwich bioassays. As a proof-of-concept, biotinylated BSA was
detected in a sandwich assay protocol using these electrodes as the platform. In Chapter
5, we will extend this idea to include detection of oligonucleotides via sandwich assays
using SPA-RVC electrodes. Figure 4.1 shows the details of the assay scheme for
detection of b-BSA and is described as follows: an avidinylated SPA-RVC electrode,
fabricated as described in Chapter 2, was incubated with small quantities of b-BSA. AvALP enzyme conjugate label was then allowed to interact with the captured b-BSA. The
free biotins on b-BSA binds with the av-ALP, thereby creating a sandwich between the
surface-bound avidin and avidinylated enzyme label. The bound av-ALP enzymatically
catalyzes the hydrolysis of the substrate 4-aminophenylphosphate (PAPP) to produce 4aminophenol (PAP) which is electrochemically active and can be detected on application
of potential and transfer of charge to the RVC electrode. The amount of PAP generated
would be an indirect measure of the amount of av-ALP and therefore b-BSA bound to the
SPA-RVC electrode.
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Figure 4.1 Scheme showing sandwich bioassay for detecting b-BSA (A) represents the
3D structure of RVC that was used as the electrode. (B) RVC was filled with
3 % superporous agarose (C) superporous agarose was chemically modified
with avidin affinity molecules (D) incubation of electrode with b-BSA target
molecule (E) treatment with av-ALP enzyme label (F) enzymatic hydrolysis
of substrate PAPP to form electrochemically active PAP which is detected at
the RVC surface.
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4.2
4.2.1

Experimental
Chemicals, buffers and instrument procedure
The chemicals and buffers used in the present work are listed in Chapter 2.

Electrochemical reactions were investigated using CHI 660A electrochemical
workstation. Electrochemical cell setup was made as described in Chapter 2. Linear scan
voltammetry for the detection of 4-aminophenol (PAP) was carried out with potential
ramp of 0.01 V s-1 between -0.06 V to 0.12 V with a rest period of 20 seconds at the start
of the scan. A continuous method for 10 scans was setup as described earlier. The time
for oxidative peak to appear at 0.06 V was noted.

4.2.2

Optimizing av-ALP enzyme label concentration
The concentration of the enzyme label, av-ALP was optimized so that the highest

concentration of b-BSA, i.e. 1 µg mL-1 of b-BSA, could be effectively detected with
minimum amount of label concentration. Avidinylated SPA-RVC electrodes were
washed with TBS-T20-BSA buffer several times followed by treating the electrode with
100 µL of 1 µg mL-1 of b-BSA prepared in TBS-T20-BSA blocking buffer. The solution
was held inside the electrode for 30 minutes with intermittent flushing. The electrodes
were then washed thoroughly with TBS-T20-BSA blocking buffer to remove unreacted
b-BSA. The electrodes were subsequently treated with 100 µL of the four different
concentrations (0.1, 0.5, 5 and 10 µg mL-1) of av-ALP prepared in TBS-T20-BSA buffer.
This procedure was followed by thorough washing of the electrodes with TBS-T20-BSA
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buffer to remove unreacted av-ALP. The electrode was then dipped in 1 mL of a 0.5 mM
solution of the substrate PAPP prepared in TBS for electrochemical detection.
Electrochemical detection of the amount of b-BSA was accomplished indirectly
by detection of the PAP that was catalytically generated by av-ALP that was captured
onto the b-BSA analyte. The electrochemical cell setup was as described earlier. Linear
scan voltammograms were obtained for each of the concentrations of av-ALP. The peak
current along with the time of occurrence of the peak in the voltammogram of PAP were
recorded.

4.2.3

Assay for detection of biotinylated–bovine serum albumin
Avidinylated SPA-RVC composite electrodes prepared as described in Chapter 2

were used for the assay. The electrode was washed several times with TBS-T20-BSA
buffer followed by drawing a 100 µL solution of b-BSA prepared in TBS-T20-BSA
buffer into the electrode. The solution was intermittently flushed into the electrode and
held for 30 minutes for equilibration. The electrode was then washed thoroughly with
TBS-T20-BSA buffer followed by drawing in 100 µL of 5 µg mL-1 of av-ALP prepared
in TBS-T20-BSA buffer. The electrodes were subsequently incubated in av-ALP solution
for 30 minutes. The electrode further washed with TBS-T20-BSA buffer and finally
washed with TBS. The washed electrode was then dipped into an electrochemical cell
containing 1 mL of 0.5 mM PAPP in TBS and procedure for electrochemical detection of
the catalytically generated PAP was followed. The process was repeated for each of the
solutions of b-BSA with concentration of 1, 10, 100, 1000 ng mL-1. Each time a new
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cylinder of avidinylated SPA-RVC composite was inserted into the previously used and
cleaned graphite tube and micropipette tip assembly. Control experiments for studying
the non-specific binding of av-ALP were also carried out by incubating the avidinylated
SPA-RVC electrode with 100 µL of 5 µg mL-1 of av-ALP prepared in TBS-T20-BSA
buffer for 30 minutes and following the procedure as described above.
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Figure 4.2 Experimental details of a bioassay for the detection of b-BSA using SPA-RVC electrode.

4.3

Results and discussion
Figure 4.3 shows a series of linear scan voltammogram by which av-ALP

concentration was optimized for determination of b-BSA using the avidinylated SPARVC electrode. In this case the highest concentration of b-BSA that was to be considered
in the calibration curve for the assay was used. Varying concentration av-ALP solutions
were tested to optimize the concentration of alkaline phosphatase for accomplishing bBSA detection. Optimization of the enzyme label was necessary because if a lower
concentration of av-ALP was used, it would not be enough for completely saturating the
biotin sites of the immobilized b-BSA, whereas if a higher concentration of av-ALP
could cause non-specific binding of the enzyme onto the electrode thereby producing
undesirable signals during the detection process. In Figure 4.3, as the LSV scans were
repeated, the peak currents increased with peaks appearing at 0.06 V, indicating the
catalytic conversion of electrochemically inactive PAPP to electrochemically active PAP.
As the concentration of av-ALP increased, there was an increase in the peak currents with
a higher difference in peak currents at 0.06 V in subsequent scans, indicating that the
amount of av-ALP bound to the electrode increased. Figure 4.4 shows the plot of peak
currents obtained at 0.06 V with time displaying the rate of conversion of PAPP to PAP
due to the presence of av-ALP bound to the surface. It is observed that the slope of the
curve increases with the increase in the amount of av-ALP. Figure 4.5 shows the plot of
the initial slopes that were obtained from each curve of Figure 4.4 and provided the rate
at which PAP was generated at the experimental time scales. It shows that for 1 µg mL-1
of b-BSA, incubating with 5 µg mL-1 of av-ALP was just sufficient to provide the
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maximum rate of conversion of PAPP to PAP. Any excess of av-ALP, for example 10 µg
mL-1, provided only slight increase in signal enhancement. Hence for the calibration
curve for the detection of all the concentrations below 1 µg mL-1 of b-BSA, 5 µg mL-1 of
av-ALP was used as the optimum enzyme label concentration.

Figure 4.3 Series of linear scan voltammograms against Ag/AgCl reference electrode
showing the effect due to change in concentration of av-ALP for detection of
1 µg mL-1 of b-BSA that has been captured onto the avidinylated SPA-RVC
electrode
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Figure 4.4 Peak currents plotted against time at 0.06 V for various concentration of avALP conjugate when 1 µg mL-1 b-BSA was immobilized at avidin-activated
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Figure 4.6a. shows multiple linear scan voltammograms taken when 1 ng mL-1 of
b-BSA was captured at the electrode and detected by subsequent exposure of av-ALP,
then 0.5 mM of the substrate PAPP. The voltammograms show a small peak at 0.06 V
which increases marginally over a series of multiple scans indicating that very small
quantities of PAP are being generated due to the presence of a small quantity of av-ALP
bound to the electrode. As the concentration of b-BSA was increased ten-fold, as shown
in Figure 4.6b, c and d, the peak currents increased more rapidly and the difference in
subsequent peak currents became higher. It was also observed that the difference in peak
currents in the initial scans were greater than those observed for the latter scans, thereby
indicating that the substrate was being consumed in the trapped spaces of the pores of
RVC electrode and lesser amounts of substrate was available that was needed to be
catalytically converted to its product.
Figure 4.7 shows the plots of peak currents obtained at 0.06 V against the time of
occurrence of peaks when 0.5 mM concentration of substrate was used for the detection
of b-BSA, for different concentrations of b-BSA. This plot indicates the rate at which the
PAPP was catalytically converted to PAP. Here the background currents (which were an
extrapolated baseline, not shown in Figure) were subtracted to remove non-faradaic
signals from both the graphite tube as well as the RVC material to provide the signal for
PAP generation alone. The figure also shows the occurrence of peak currents for control
experiments corresponding to assays when no b-BSA was used and also when no av-ALP
was used. The slight increase in the peak currents with time for the case of no b-BSA is
due to non-specific binding of the av-ALP conjugate and due to non-catalytic hydrolysis
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of the substrate. It is possible that the non-specific binding of av-ALP occurred onto the
RVC material or onto the graphite tube used in the electrode or the enzyme being trapped
in the agarose matrix or a combination of these effects. The lower curve in Figure 4.7 was
obtained for an electrode that was not treated with b-BSA or av-ALP. Currents in this
case reflect only the non-catalytic hydrolysis of the substrate. Figure 4.8 shows a plot of
rate of change of peak current for different concentration of b-BSA used for the assay. As
the concentration of b-BSA increased an increase in the signal response was observed.
The errors associated with the assay are shown in Figure 4.8. These errors were obtained
when the same set of experiments were repeated using three separate SPA-RVC cylinders
fitted onto the previously used “graphite tube” – “pipette tip” assembly. Errors could be
associated due to several reasons, primary reason being the ability to fabricate exact
replica of each electrode. Non-homogeneity associated with the RVC material and the
superporous agarose between the electrodes fabricated are potential sources for errors.
Graphite tube itself could be another source of error as these are commercially
manufactured by compacting fine particles of graphite and there is inherent porosity
associated with these tubes which drastically affects the electrochemical response and
cause a potential source for biomolecules to non-specifically bind inside these pores.
Fabrication-related errors in making a good connection of graphite with the RVC material
could cause variation in the contact resistance in every electrode that was fabricated.
Attempts were made to reduce these errors by rejecting the electrodes that had overall
resistances over 50 Ω. Care was taken in the fabrication of SPA-RVC electrode so as to
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have a consistent size and shape along-with selecting highest quality graphite material
that was made from finest particle size.
The lower detection limit was calculated from the standard deviation, σ, of the
triplicate experiments performed using the assay procedure on a blank buffer solution
(i.e. without b-BSA). Background cyclic voltammograms using TBS alone was acquired
prior to performing any further procedure to check if the electrode was cleaned
thoroughly. As seen in Figure 4.8, the response for the change in b-BSA concentration is
non-linear, therefore the standard method for the determination of lower limit of
detection, dlL, by using dlL = (3σ blank)/ s, where, s is the slope of linear fit, does not apply
[5]. Instead, the initial slope, s’, of the non-linearly fitted curve was considered. The
initial slope, s’, in this case was 2.8 ± 0.6 x 10-9. Therefore, dlL was calculated as dlL =
[3*(1.8 x 10-10)]/[2.8 ± 0.6 x 10-9)]. = 1.4 ± 0.2 ng mL-1. The lower detection limit for the
detection of b-BSA using the avidinylated SPA-RVC was 1.4 ± 0.2 ng mL-1. Since only
100 µL of the b-BSA solution was used in the assay, the absolute limit of detection is 140
± 20 pg.
The amount of non-specific binding of av-ALP labels onto SPA-RVC electrodes
was also calculated. Using eq. 8, which provides the co-relation of peak currents to
concentration of PAP detected, the rate of change of peak currents at 0 ng mL-1 and 1000
ng mL-1 was converted to rate of generation of PAP in µmol min-1 inside the 12 µL
electrode. From the activity of av-ALP, which was 345 µmol min-1 mg-1, the amount of
av-ALP bound inside the SPA-RVC electrode was calculated. The amount of av-ALP
bound was 1.5 x 10-8 mg when no b-BSA was used, whereas the amount of av-ALP
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bound specifically when 1000 ng mL-1 of b-BSA detected was approximately 6.7 x 10-7
mg. In each cases the background signals from autocatalysis of PAPP was subtracted.
The non-specific binding of av-ALP onto avidinylated SPA-RVC electrode was
approximately 2 % of the amount of av-ALP bound specifically onto the b-BSA.
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Figure 4.6 Multiple linear scan voltammetry between 0.06 V to 0.12 V against Ag/AgCl
reference electrode to detect the enzymatically generated PAP for four
different concentration of b-BSA along with background scan for zero
concentration of b-BSA and 0.5 mM PAPP alone.
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Figure 4.7 Plot showing peak currents obtained from LSV plotted against time for 4
different concentrations along with those for no biotinylated-BSA and
background scan with 0.5 mM PAPP in TBS (pH 8.0).
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Figure 4.8 Plot showing rate of generation of PAP plotted against varying concentration
of b-BSA detected.
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4.4

Conclusions
In this Chapter, an attempt was made to test avidin-activated SPA-RVC electrodes

for use as a flow-through platform to carry out sandwich bioassays. A bioassay scheme
was devised for detecting b-BSA in a sandwich assay protocol. In this protocol the
avidin-activated SPA-RVC electrode was incubated with b-BSA followed by
immobilizing avidinylated alkaline phosphatase (av-ALP) enzyme label on free biotin
sites on b-BSA thereby making the bovine serum albumin (BSA) a sandwich between the
two avidin-biotin complexes. The concentration detection limit for b-BSA was 1.4 ± 0.2
ng mL-1 and the absolute detection was 140 ± 20 pg. The non-specific binding of av-ALP
enzyme label onto the avidinylated SPA-RVC electrode was 1.5 x 10-8 mg which was
approximately 2 % of the av-ALP bound specifically when 1000 ng mL-1 b-BSA was
detected.
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CHAPTER FIVE
5

DETECTION OF OLIGONUCLEOTIDES USING SPA-RVC ELECTRODES

5.1

Introduction
In this Chapter, an attempt has been made to detect a 32-mer DNA sequence via

hybridization bioassay using avidin-activated SPA-RVC electrodes as a platform. Briefly,
the detection scheme involved immobilization of biotinylated capture DNA onto
avidinylated superporous agarose inside the RVC electrode. Complementary biotinylated
target DNA was detected via hybridization with the capture DNA. Avidin was then
immobilized to the electrode to bind onto the biotinylated target DNA. Biotinylated
alkaline phosphatase (b-ALP) was used as the enzyme label to detect the DNA
hybridization event. The bound enzyme converts the 4-aminophenylphosphate (PAPP) to
electrochemically active 4-aminophenol (PAP) which is detected at the electrode. This
scheme was designed to detect the hybridization event of the two 32-mer DNA sequences
using SPA-RVC electrode.

5.2
5.2.1

Experimental
Materials, buffers and instrumentation
Biotinylated alkaline phosphatase (b-ALP, 4 mol biotin/mol ALP) and avidin was

obtained from Pierce. All other chemicals are listed in Chapter 2 and 3. All materials
were used as received, except where indicated. Oligonucleotides were obtained from
Sigma-Aldrich whose sequences are given below:
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Capture DNA strand: 5’ biotin–ATAGACTGGCCGTCGTTTTACAACGTCGTGGT
Target DNA strand: 5’ biotin–ACCACGACGTTGTAAAACGACGGCCAGTCTAT
Non-Complementary DNA: 5’ biotin–CAAAACGTATTTTGTAACAAT
Tris-buffered saline (TBS) and TBS-T20-BSA blocking buffer were prepared as
described in Chapter 2. Hybridization buffer (10X SSC) was commercially obtained from
Sigma which was diluted to 2X. 2x SSC buffer contained 300 mM NaCl and 30 mM
sodium citrate adjusted to pH 7.
Electrochemical cell setup was made as described in Chapter 2. Avidin activated
SPA-RVC electrodes were used that were fabricated as described in Chapter 2. Linear
scan voltammetry was carried out with potential ramp of 0.01 V s-1 between -0.06 V to
0.14 V with a rest period of 20 seconds at the start of the scan. A continuous method for
10 scans was setup as described earlier. The time for oxidative peak to appear at 0.075 V
was noted.

5.2.2

Assay procedure
Figure 5.1 shows a schematic representation of the different steps carried out in

the experimental procedure for the detection of 32-mer DNA strand via hybridization
assay using SPA-RVC electrodes. In the first step (STEP 1), the avidinylated SPA-RVC
electrode was washed with about 5 – 8 mL of TBS-T20-BSA, this step was followed by
washing the electrode with about 5 mL of TBS. The electrode was then treated with
exactly 100 µL of 50 µg mL-1 of biotinylated capture DNA strand solution prepared in
TBS. The electrode was held for 30 minutes in the above solution with flushing of
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solution every 5 – 8 minutes. In STEP 2, the electrode was washed with about 5 mL of
TBS to remove unreacted biotinylated capture DNA. This was followed by treating the
electrode with exactly 100 µL of 10 mg mL-1 of biotin prepared in TBS and intermittently
flushed and held for 30 minutes. In STEP 3, the electrode was washed thoroughly with
TBS followed by washing with about 5 mL of 2X SSC buffer. The electrode was then
treated with exactly 100 µL of 1 µg mL-1 of target DNA prepared in 2X SSC buffer.
Hybridization was allowed to proceed for 1 hour with flushing of the solution every 20
minutes. In STEP 4, the electrode was washed with about 5 mL of 2X SSC buffer
followed by washing with about 5 mL of TBS-T20-BSA blocking buffer. The electrode
was then incubated for 30 minutes in a 100 µL solution of 1 mg mL-1 of avidin dissolved
with intermittent flushing of solution. In STEP 5, the electrode was washed with TBST20-BSA blocking buffer followed by incubation with 100 µL of 10 µg mL-1 of the
enzyme label, b-ALP, for 30 minutes. In STEP 6, the electrode was washed with about 5
mL of TBS-T20-BSA followed by washing with TBS. The electrode was then dipped in
solution of 0.5 mM 4-aminophenylphosphatase (PAPP) prepared in TBS and the
electrochemical detection process described earlier was followed. The complete
procedure was repeated for 100 ng mL-1 and 1000 ng mL-1 of target DNA sequence along
with a 1000 ng mL-1 of non-complementary DNA using fresh avidin-activated SPA-RVC
composite cylinders filled inside previously the used graphite tube - pipette tip assembly.
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Figure 5.1 Experimental procedure details for enzyme amplified hybridization bioassay
of biotinylated oligonucleotide using SPA-RVC electrode with immobilized
avidin moieties.
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5.2.3

Control experiments
A study of non-specific and undesirable specific binding of biomaterials used in

the assay described above was also carried out. Five different conditions were studied to
understand these undesirable binding. The details of the different conditions used are
given in Table 5.1. As shown in the Table 5.1, in case no. 1, STEPS 2, 5 and 6 were
followed, with an objective to study the non-specific binding of b-ALP onto the avidinactivated SPA-RVC electrode. In case no. 2, STEPS 2, 4, 5 and 6 were followed to study
the non-specific binding of avidin. Case no. 3 was a situation where no capture DNA
strands used, where undesirable specific binding of target DNA onto avidinylated SPARVC electrode that was saturated with biotins was studied. In this case, all steps were
followed except STEP 1. Case no. 4 was carried out to study extent of hybridization with
a target DNA strand that was not complementary to the capture DNA strand. In this case,
all steps were followed with a modification of STEP 3, where a solution of 1 µg mL-1 of
non-complementary DNA strand was used for hybridization purpose. Case no. 5 was an
assay procedure that contained no target DNA strand. In this case all steps were followed
except STEP 3.
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Table 5.1 Experimental conditions used for the study of non-specific binding of different
biomaterials involved in the DNA hybridization bioassay.
Case No. STEP 1

STEP 2

STEP 3

STEP 4.

STEP 5

STEP 6
LSV

50 µg mL-1

using 0.5

Capture 10 mg mL-1

1 mg mL-1 10 µg mL-1

mM

DNA

Biotin

Target DNA

Avidin

b-ALP

PAPP

1

-

X

-

-

X

X

2

-

X

-

X

X

X

3

-

X

X (1 µg mL -1)

X

X

X

4

X

X

X (1 µg mL -1 NC)

X

X

X

5

X

X

-

X

X

X

“X” indicates the reagent conditions were used, “-” indicates the reagent
conditions were not used, “NC” indicates the use of non-complementary DNA strand.
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5.3
5.3.1

Results and discussion
Scheme for hybridization assay
Superporous

agarose–reticulated

vitreous

carbon

(SPA-RVC)

composite

electrodes that had avidin affinity sites bound onto the surface of superporous agarose
were used for the hybridization bioassay of a 32-mer biotinylated oligonucleotide
sequence. Figure 5.2 describes the scheme used for detection of a biotinylated target
DNA. In this scheme a biotinylated DNA strand was immobilized onto the avidin sites
present on the superporous agarose and acted as the capture DNA probe. Large quantities
of biotin were subsequently used to saturate the open avidin sites in the avidinylated
SPA-RVC electrode. The electrode was then incubated with a biotinylated target DNA
strand that was complementary to the capture DNA strand. The capture DNA and the
target DNA hybridize together such that the target DNA becomes immobilized onto the
electrode. The electrode was then incubated with free avidin which would bind to the
biotinylated target oligonucleotide to immobilize avidin onto the target DNA strand.
Biotinylated alkaline phosphatase (b-ALP) was then used as an enzyme label to bind to
the latter avidin moiety and enable detection of the hybridization event of the capture
probe and the target DNA. Electrochemically inactive PAPP substrate would be
catalytically hydrolyzed by the immobilized b-ALP enzyme label to generate
electrochemically active PAP. The rate of conversion of the substrate to product is the
direct indicator of the amount of immobilized enzyme, which in turn is an indicator of the
amount of target DNA that was hybridized with the capture probe.

151

Figure 5.2 Illustration of the scheme used for detection of biotinylated target DNA via
hybridization capture assay using avidin activated SPA-RVC composite
electrodes. “Av.”: avidin molecules, “B”: biotin groups, ALP: alkaline
phosphatase enzyme. PAPP: 4-aminophenylphosphate substrate and PAP: 4aminophenol redox active enzymatic product.
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5.3.2

Detection of 32-mer biotinylated DNA
Figure 5.3 shows a series of linear scan voltammograms for a bioassay of 100 ng

mL-1 and 1000 ng mL-1 of target DNA along with zero concentration of target DNA
strand. The voltammograms show peaks for PAPP that was catalytically converted to
PAP by the b-ALP enzyme label. The rate of conversion of the substrate PAPP to PAP
was directly corresponded to the amount of target DNA that was hybridized. Figure 5.3a
shows the LSVs for experimental details described as case no. 5 shown in Table 5.1,
corresponding to the condition when no target DNA strand was used. The growth of peak
observed was substantial in this case, and is probably due to the undesirable specific or
non-specific binding of various biomolecules during the assay. In-depth studies on the
undesirable binding of these biomolecules in various control experiments are discussed in
the later sections. Figure 5.3b shows the LSVs for the detection of 100 ng mL-1 of target
DNA. It was observed that as the LSV scans were repeated the peak currents increased
with peaks appearing at 0.075 V, indicating the catalytic generation of PAP. As the
concentration of DNA was increased to 1000 ng mL-1, there was an increase in the
difference in peak currents at 0.075 V in subsequent scans indicating that the amount of
b-ALP bound onto the DNA increased, which in turn indicates that larger amounts of
target DNA were captured onto the electrode. Figure 5.4 shows plots of peak currents
obtained at 0.075 V with versus time, which indicates the rate of conversion of PAPP to
PAP due to the presence of b-ALP bound to the surface. The Figure also shows that when
the concentration of the target DNA was increased from 100 ng mL-1 to 1000 ng mL-1,
the slope of the peak current versus the time curve increases slightly, indicating higher
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rates of enzymatic conversion due to the presence of larger quantities of b-ALP inside the
electrode The rates of generation of peak currents for PAP is then plotted in Figure 5.7
which is discussed later in comparison with the studies for undesirable binding of
different biomolecules in the assay.

Figure 5.3 Multiple linear scan voltammetry between 0.06 V to 0.14 V to detect the
enzymatically generated PAP for 100 ng mL-1 and 1000 ng mL-1 of 32-mer
DNA along with background scan for zero concentration of DNA using 0.5
mM PAPP.
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5.3.3

Control experiments
It was essential to understand the non-specific binding and undesirable specific

binding of the biomaterials used in the DNA hybridization assay. Proteins like avidin and
alkaline phosphatase used in assays are known to bind non-specifically to various
electrode surfaces [1]. Therefore in the current assay procedure both avidin and b-ALP
were prepared in TBS-T20-BSA blocking buffer in an attempt to reduce the non-specific
binding of these proteins onto RVC surface. Also, washing steps that occurred after
treatment with these proteins were carried out using the blocking buffer. The control
experiments were carried out using the series of experiments shown in Table 5.1. Figure
5.5a, b, c, and d presents the series of LSVs obtained experimental procedures that
followed in case nos. 1, 2, 3, and 4, respectively that is presented in Table 5.1. The plots
of Faradaic peak current versus time for each of these cases are shown in Figure 5.6. The
rates of change of peak currents were then plotted in Figure 5.7 for each of these cases.
These signals were compared with the signals obtained for the assay procedure for the
detection of 0, 100, 1000 ng mL-1 of target DNA, and was discussed in section 5.3.2.
In Figure 5.7, case no. 1, where the avidinylated-SPA-RVC electrode was
saturated with free biotin followed by incubation with 10 µg mL-1 b-ALP, low values for
rate of change of peak currents were expected as the avidin sites on the SPA-RVC
electrode were saturated with free biotin molecules thereby rendering those avidin sites
present on the electrode unavailable for b-ALP to bind. Infact, relatively high signals
were obtained, which indicates that b-ALP was captured even though no capture DNA
was used. The higher signals could possibly be caused by the non-specific binding by the
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b-ALP onto the surface of RVC electrode. Part of the contribution for the signal could
also be possible by the entrapment of b-ALP in the agarose matrix. It is also possible that
b-ALP could have bound specifically onto the open avidin sites present in the SPA-RVC
electrode. These open sites could be possibly caused by the dissociation, koff, of biotins
from the avidins to allow b-ALP to bind on to the avidin [2-4]. In case no. 2, shown in
Figure 5.7, the avidins bound in the electrode were first saturated with free biotins
followed by incubating the electrode with avidin. This electrode was subsequently
incubating the electrode with b-ALP. It was observed that the rate of increase of peak
currents was little higher than that obtained for the case no. 1, where avidin was not used.
The higher signals shows that there could be a combined effect of the undesirable specific
binding b-ALP as seen earlier as well as non-specific binding of avidin and av-ALP. In
case no. 3, avidin-activated SPA-RVC electrode, whose avidin sites were saturated with
free biotins, was incubated with target DNA without any prior treatment of capture DNA.
No signals for the binding of biotinylated target were expected as all the sites for avidin
were saturated with free biotins. The value obtained was large. The target as well as bALP could specifically bind to the avidinylated SPA-RVC electrode. Also the signal is
lower than that seen in case no. 2, this is possibly due to competition of biotinylated DNA
and b-ALP to bind onto the open avidin sites there by reducing available sites for b-ALP
to bind and convert PAPP to PAP. In case no. 4, where an assay procedure was
performed by incubating the electrode with non-complementary DNA to the electrode
previously incubated with capture DNA and subsequently with free biotins. The value
obtained for rate of change of peak currents shown in Figure 5.7 was almost equivalent to
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the value obtained where no target DNA was used for detection case no 5 in Table 5.1,.
The non-specific binding signal was slight lower than the signal for the detection of large
quantities of target DNA, for example 100 and 1000 ng mL-1 target DNA. Overall there
was a combined effect of undesirable specific binding of biotinylated conjugate
molecules caused by the off-rates of avidin-biotin conjugates and non-specific binding of
the proteins used, significantly affected lowering of the detection limits.
As it appeared from the control experiments discussed above, that majority of the
undesirable specific binding was possibly due to the dissociation or off-rates of
biotinylated conjugates. The dissociation constant, Kd, ratio of on-rates (kon, binding
rates) and off-rates (koff, dissociation rates), of biotin-avidin complex is about ~10-13 M at
physiological conditions. The koff for the biotin-avidin complex as reported by Yuan et. al
is 1.67 x10-5 s-1. These indicated that the binding of biotin and avidin is strong. It is also
reported that derivatives of biotin have lesser dissociation constants [5]. The Kd for a 100
bp biotinylated DNA and streptavidin complex in the order of 1 x 10-9 M with a koff of 1.5
x 10-4 s-1 as reported by Huang et. al. [6]. The Kd and the koff for biotin-avidin complex is
fairly lower than that of biotinylated DNA – avidin complex making the latter dissociate
faster. Therefore when avidinylated SPA-RVC electrode, that has biotinylated capture
DNA immobilized, is treated with free biotins it is possible that immobilized biotinylated
DNA is exchanged with the free biotins that were introduced. This was experimentally
proved by Nguyen et. al. where free biotins to used to remove 50-mer biotinylated DNA
bound onto avidins that were immobilized onto magnetic beads [7]. As reported by
Nguyen et. al., at 60 oC up to 90 % of 50-mer biotinylated DNA were removed when
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avidin-biotinylated DNA complex was incubated with 200 fold excess of free biotins for
over 24 hours. Therefore use of free biotin to saturate open avidin sites on the SPA-RVC
electrode should be avoided. Also, knowledge of the off-rates of the biotinylated
conjugates like target and capture biotinylated DNA, b-ALP used in the bioassay would
be helpful for planning better schemes for the detection of DNA when using avidinylated
SPA-RVC electrodes as the platform.
Due to the problems posed by the presence of free biotin, alternative bioassay
schemes were thought of. The present bioassay scheme could be modified in such a way
that the intermediate step (STEP 2) of treatment of excess of biotins to saturate the open
avidin sites on the SPA-RVC electrode could be eliminated. Instead, excess of capture
DNA strands could be used to completely saturate the avidins on the SPA. This could
avoid the situation of exchange of biotinylated DNA from due to free biotins as seen in
the present scheme. Also increased number of immobilized capture DNA would allow
higher probabilities of capturing low amounts biotinylated target DNA through
hybridization. Secondly, the procedure sequence for labeling (i.e. treatment of avidin
followed by incubation with b-ALP solutions, STEP 4 and STEP 5) could be replaced
with use of av-ALP as the label. This could minimize the labels directly binding on to the
avidins on the SPA-RVC electrode. Also, the non-specific binding of av-ALP labels is
low as seen studies reported in Chapter 4.This scheme will be based on the assumption
that the Kd values for the capture as well as target DNA is not very different and
hybridization would take place rather than the target DNA directly binding onto the
avidins on the SPA-RVC electrode.
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A second approach for carrying out bioassay using SPA-RVC electrode as a
platform would be to first covalently bind the capture DNA on a non-avidinylated SPARVC electrode. For example an amine-terminated capture DNA could be covalently
immobilized onto the SPA-RVC electrode with the use of cyanogen bromide through the
activation of hydroxyl groups present on the SPA [8-9]. This could be followed by the
incubation of the electrode with biotinylated target DNA and subsequently followed by
incubation with av-ALP as the label. The elimination of avidin-biotin binding chemistry
to bind capture DNA strand would avoid the situation of any biotinylated ligand
exchange/competition of the two biotinylated DNA for avidins that were present on the
SPA-RVC electrode, as observed in the present bioassay scheme.
Finally, the assays performed using SPA-RVC electrode used enzyme labels like
b-ALP or av-ALP. These labels could be substituted with non-enzymatic electrochemical
labels like ferrocene or substituted ferrocene or nanoparticles like CdS, Au [10-11].
Enzyme based labels poses a disadvantage as the amount of analyte bound is depended
on the kinetic assays of the enzyme labels. This could get complicated in obtaining
correct enzymatic rate and may therefore provide inconsistent results, especially due to
loss in its activity caused by instability of the enzyme over long period of time and
interferences and inhibitions from other metabolites present in biological samples [12].
Non-enzymatic labels allow a direct measure of the amount of captured analyte without
out any measurement of rates involved. Also non-enzymatic labels are less prone to nonspecific binding and are robust in real biological samples.
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Figure 5.5 LSVs for control experiments carried out for studying non-specific binding on
avidinylated SPA-RVC electrode. a) for electrode treated with 10 mg mL-1 of
biotin followed by10 µg mL-1 biotinylated ALP; b) for electrode treated with
10 mg mL-1 of biotin followed by 1 mg mL-1 avidin and 10 µg mL-1 b-ALP; c)
for an assay detecting 1 µg mL-1 target DNA with no capture DNA; d) for an
assay with 1 µg mL-1 non-complementary DNA.

161

-6

NSB of B-ALP
NSB of Avidin
No Capture DNA
1000 ng/mL Non-Comp. DNA

5.0x10

-6

Peak Currents, Amps

4.5x10

-6

4.0x10

-6

3.5x10

-6

3.0x10

-6

2.5x10

-6

2.0x10

-6

1.5x10

-6

1.0x10

-7

5.0x10
0.0

0

100

200

300

400

500

Time, s

Figure 5.6 Peak currents plotted against time for different cases of control experiments to
study the non-specific binding in the DNA bioassay.
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Figure 5.7 Values for rate of change of peak currents plotted for different control
experiments along with the values for varying concentration of DNA detected
at the SPA-RVC electrode. The number 1 - 7 in the plot represents following
cases, 1: for electrode treated with 10 mg mL-1 of biotin followed by10 µg
mL-1 biotinylated ALP; 2: for electrode treated with 10 mg mL-1 of biotin
followed by 1 mg mL-1 avidin and 10 µg mL-1 b-ALP; 3: for an assay
detecting 1 µg mL-1 target DNA with no capture DNA; 4: for an assay with 1
µg mL-1 non-complementary DNA; 5: for an assay with 0 ng mL-1 target
DNA; 6: for an assay with 100 ng mL-1 target DNA; 7: for an assay with 1 µg
mL-1 target DNA. Error bars are not reported as repetitive experiments were
not performed.
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5.4

Conclusions
An attempt to carry out DNA hybridization bioassay using avidin-activated SPA-

RVC electrodes as the platform was made. Control experiments to study the undesirable
specific binding of various biomolecules used in the bioassay were also carried out. It
was observed that there exists undesirable binding of conjugated biomolecules onto the
avidin-activated SPA-RVC electrodes via mechanisms that do not require the presence of
target DNA which is the analyte. This fact limits the detection of target DNA with a low
limit of detection because the background signals were too high. Methods to reduce
undesirable specific binding through modification of the bioassay schemes are proposed.
Additionally, possible reduction of non-specific binding and improvement in detection
method could be achieved with the use of stable and robust labels like nanoparticles and
redox molecules rather than enzyme based labels. With improved bioassay schemes and
stable electrochemical labels it is possible to use SPA-RVC electrodes as platform for
bioassays for DNA detection.
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CHAPTER SIX
6

SUMMARY AND CONCLUSIONS

We developed a new platform for electrochemical sandwich bioassays. A flowthrough electrode suitable for use in sandwich bioassays was fabricated. These electrodes
were fabricated using a composite of superporous agarose (SPA) and reticulated vitreous
carbon (RVC) and could be potentially made portable. The laborious steps of reagent
treatment and washing steps involved in conventional bioassays like ELISA could be
made simpler using SPA-RVC electrodes as the platform. We present here the fabrication
and characterization of SPA-RVC material and SPA-RVC electrodes for its potential
application in performing electrochemical sandwich bioassays. A brief summary of
Chapters 2 – 5 along with Appendix 1 and 2 are discussed below.

6.1

Chapter 2
In this Chapter, fabrication and characterization of three-dimensional flow-

through electrodes using a composite of SPA and RVC material for its use in sandwich
bioassays is reported. The electrodes were uniquely designed to allow ease in coulometric
detection of the analyte present inside the electrode. These electrodes could hold about 12
µL of solution thereby minimizing the sample quantities. Materials like RVC,
superporous agarose, SPA-RVC composite material were characterized for its physical
features like pore size distribution, total free volume, densities, amount of superporous
agarose per electrode, structural characteristics, etc. were reported in this Chapter. The
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SPA-RVC electrode was tested for performing electrochemical measurements by using
simple redox molecules. Avidin affinity molecules were covalently immobilized onto the
SPA matrix inside the SPA-RVC electrodes via reductive amination reaction. The
amount of avidin molecules created inside the SPA-RVC electrodes were determined via
electrochemical methods and compared with fluorescence spectroscopy methods. The
coverage of the immobilized avidins inside the SPA-RVC electrodes was studied.

6.2

Chapter 3
SPA-RVC composite electrodes were used for determination of kinetic

parameters like Km and Vm values for immobilized avidinylated-alkaline phosphatase (avALP). The Km and Vm values for immobilized av-ALP were compared with those for avALP free in solution using spectroscopic method. The values for Km and Vm for av-ALP
were 0.037 ± 0.007 mM and 0.027 ± 0.003 nmol.min-1, respectively when SPA-RVC
electrodes were used. These values were 0.039 ± 0.009 mM and 15.6 ± 2.6 nmol.min-1,
respectively, for av-ALP free in solution using spectrophotometric method. The Km
values in both methods were comparable, whereas the Vm values in each of these methods
could not be compared as the exact amount of enzyme bound inside the SPA-RVC
electrodes were not known. Kinetic parameters for biotinylated alkaline phosphatase (bALP) were obtained by spectrophotometric method alone. The values for Km and Vm were
0.022 ± 0.003 mM and 67 ± 4 nmol.min-1, respectively. In short, this Chapter we present
the ability of the SPA-RVC electrode to study the enzyme kinetic information of
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conjugated alkaline phosphatase enzymes labels that were important to carry out required
bioassays using av-ALP as enzyme labels.

6.3

Chapter 4
In this Chapter, avidin-activated SPA-RVC electrodes were tested for use as a

flow-through platform to carry out sandwich bioassays. A bioassay scheme was devised
for detecting b-BSA in a sandwich assay protocol as a proof-of-concept to present the
ability of SPA-RVC electrode to carry out sandwich assays. In this protocol, the avidinactivated SPA-RVC electrode was incubated with b-BSA followed by immobilizing avALP enzyme label. This could create a sandwich assay whereby b-BSA is sandwiched
between the two avidin complexes. The concentration detection limit for b-BSA was 1.4
±0.2 ng mL-1 and the absolute detection was 140 ± 20 pg. The non-specific binding of avALP enzyme label onto the avidin activated SPA-RVC electrode was about 2 % of the
specific binding when 1000 ng mL-1 b-BSA was detected.

6.4

Chapter 5
An attempt to carry out DNA hybridization bioassay using avidin-activated SPA-

RVC electrodes as the platform was made. Control experiments to study the undesirable
specific binding of various biomolecules used in the bioassay were also carried out. It
was observed that there exists undesirable binding of conjugated biomolecules onto the
avidin-activated SPA-RVC electrodes via mechanisms that do not require the presence of
target DNA which is the analyte. This fact limits the detection of target DNA with a low
limit of detection because the background signals were too high. Methods to reduce

169

undesirable specific binding through modification of the bioassay schemes are proposed.
Additionally, possible use of stable and robust labels like nanoparticles and redox
molecules rather than enzyme based labels could improve electrochemical detection
method. With improved bioassay schemes and stable electrochemical labels it is possible
to use SPA-RVC electrodes as platform for bioassays for DNA detection.
Appendix 1 covers a method for surface activation of bare RVC electrodes to
create biotin bound on the surface of bare RVC electrodes. For this purpose RVC surface
was first activated by electrochemically grafting carboxylic acid groups. Biotin affinity
molecules containing amine functional groups were covalently immobilized onto the
carboxylic groups. This electrode could potentially be used a platform to build sandwich
bioassay schemes.
Appendix 2 covers a fabrication and testing of small volume electrochemical cells
(SVECs) for its application in bioassays. The SVECs fabricated to hold very small
quantities (~0.27 – 28 µL) of analyte solutions and were characterized for its
electrochemical properties. DNA sandwich assay involving CdS nanoparticles as label
was proposed using these SVECs.
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APPENDICES

APPENDIX A
A. Surface Activation of Bare Reticulated Vitreous Carbon electrodes with Biotin
Groups

A.1 Introduction
In this section, a method to covalently immobilize biotin groups onto the interior
surface of bare RVC electrode is described. In this method the surface of RVC electrode
was first covalently grafted with phenylacetic acid groups. The acid functional groups
were then utilized for covalent immobilization of biotin-PEO-amine onto the RVC
surface. These biotin groups can potentially be used for immobilization of bio-conjugates
that are required for carrying out sandwich or capture type bioassays using RVC
electrodes.

A.2 Experimental
A.2.1 Chemicals and instrumentation
The following materials were obtained from the respective suppliers and were
used as received, except where indicated: Biotin-PEO-amine (Pierce), 4-aminophenyl
acetic acid (Acros), sodium nitrite (NaNO2), sodium tetrafluoroborate (NaBF4),
phosphorus pentoxide, acetonitrile, tetraethylammonium tetrafluoroborate, [(1-ethyl-3dimethylamino) propyl] carbodiimide (EDC) (Pierce), and N-hydroxysulphosucinimide
(Pierce). Other chemicals used here are listed in Chapter 2.
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Electrochemical experiments were performed using a computer controlled
potentiostat, CHI 660A from CH instruments. A three electrode electrochemical setup
was made as described in Chapter 2 with bare RVC electrode as the working electrode.

A.2.2 Immobilization of biotin-PEO-amine onto RVC surface
Synthesis of phenylacetic acid diazonium tetrafluoroborate was adopted from the
method by Bourdillon et.al. [1, 2]. 4-aminophenyl acetic acid (1.51 g, 0.01 mol) was
solubilized by warming in 3 mL of 12 M HCl and in minimum amount of water. Once the
amine was solubilized, the solution was cooled in ice bath and the light brown
hydrochloride salt precipitated. Then 0.76 g (0.11 mol) of NaNO2 dissolved in minimum
amount of water was added with constant stirring under stream of N2 gas. As soon as the
precipitate dissolved, solid NaBF4 was added (1.47 g, 0.013 mol), the mixture was stirred
for 30 seconds and cooled rapidly below 0 oC. The pale yellow precipitate was filtered in
a cooled glass frit, washed with cooled 5% NaBF4 solution to remove excess traces of
acid and then washed with ether. The product was stored in a desiccator over phosphorus
pentoxide.
Phenylacetic acid groups were created on the interior surface of the RVC
electrode using an electrochemical method. A solution of 5 mM phenylacetic acid
tetrafluoroborate diazonium salt as synthesized above was dissolved in acetonitrile
containing 0.1 M tetraethylammonium tetrafluoroborate as the electrolyte. A three electrode cell was used with Ag wire coated with AgCl as the reference electrode, Pt as
auxiliary electrode and bare RVC electrode as the working electrode which was
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fabricated as described in Chapter 2. The solution was bubbled with N2 gas for 10
minutes to remove dissolved oxygen. Triangular waveform scanning potentials between
-1.2V to 1.2 V at a scan rate of 0.1 V s-1 with an initial rest period of 2 seconds and with
10 scan segments were applied to reduce the diazonium group and immobilize the
phenylacetic acid group onto the surface of the electrode. The electrode was then washed
with a small quantity of fresh acetonitrile to remove excess unreacted diazonium reagents
followed by washing with buffer. A cyclic voltammograms of 1 mM K3Fe(CN)6 and 4aminophenol (PAP) in TBS buffer was acquired by applying a triangular waveform
potential scan between -0.3 V to 0.7 V and back to -0.3 V for both the redox molecules.
The second step was to bind the biotin-PEO-amine groups to the surface
immobilized phenylacetic acid groups inside the RVC material. For this purpose the
phenylacetic acid functionalized RVC electrode was washed with TBS buffer prior to
use. The electrode was then dipped into 0.1 wt. % of bovine serum albumin in TBS
buffer and allowed to equilibrate for 1 hour after which the electrode was thoroughly
washed with TBS. A cyclic voltammogram of this electrode were taken to estimate 1 mM
K3Fe(CN)6 prepared in TBS. The electrode was then further washed with DI water and
dipped into a 0.1 M solution of EDC [(1-ethyl-3-dimethylamino) propyl] carbodiimide
prepared in TBS. The electrode was removed from the EDC solution after 30 minutes and
the excess reagents were drained out and no washing step followed. This RVC electrode
was then dipped into a 25 mM solution of sulpho-NHS (sulpho-N-hydroxysucinimide)
prepared in TBS and was allowed to react for 30 minutes. This procedure was followed
by washing the electrode thoroughly with TBS. The EDC/sulpho-NHS activated
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electrode was then allowed to react with a 1 mg mL-1 solution of biotin-PEO-amine
prepared in TBS (374.51 g mol-1) for 5 hrs. The electrode was finally washed with TBS
and stored in a vial containing TBS with 0.03 mM NaN3 at 4 oC until further use.

A.3 Results and discussion
The approach for creating affinity molecules on the surface of the bare RVC
electrode was different from the approach discussed in the previous chapters, where
capture sites were created on superporous agarose matrix that was filled inside the RVC,
rather than on the surface of RVC. Biotins affinity molecules was immobilized using
carbodiimide coupling chemistry whereby surface carboxylic groups could be covalently
bound to amine containing biotins such as biotin-polyethylene oxide with amine
modification on the PEO terminal. Since a large number of biotin capture sites was
needed on the surface of RVC, it was first required that a large number of carboxylic acid
groups be present on the RVC electrode surface. Carboxylic acid groups in this case were
created by electrochemical grafting using phenylacetic acid diazonium tetrafluoroborate
salt which was synthesized via reaction shown in Figure A.1 and was reported earlier by
Lewis et. al. [3]. The synthesized phenylacetic acid diazonium salt was electrochemically
reduced which caused the phenylacetic acid functional group bind onto the surface of
RVC. The method of electrochemically grafting carboxylic groups onto the surface of
glassy carbon was first used by Pinson et. al in 1992 [2, 4]. Many other researchers
followed this procedure thereafter [5-7]. Figure A.2 shows a series of cyclic voltammetric
scans for grafting of phenylacetic acid groups on RVC surface. When the potential was
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swept from 1.2 V to -1.2 V for a solution of phenylacetic acid diazonium
tetratetrafluoroborate prepared in acetonitrile, the first segment of the potential scan
shows higher currents relative to the subsequent potential scan segments. It was observed
that as the potential scan segments increased the currents were reduced. This is caused
due to the reduction of diazonium salts to form surface-bound phenylacetic acid groups
that block the electron transfer to the electrode. Grafting of these para-substituted aryl
groups are based on reduction of the diazonium salts where N2 from the diazo groups is
eliminated followed by formation of free radical aryl group. The surface of glassy carbon
contains many functional groups that can accept the free radical thereby binding the
phenyl acetic group onto the surface of glassy carbon. The binding reaction of
phenylacetic acid free radical is shown in Figure A.3.
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Figure A.1 Reaction for synthesis of phenylacetic acid diazonium tetrafluoroborate salt.
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Figure A.2 Electrochemical grafting of phenyl acetic acid diazonium salt onto bare RVC
electrode surface.
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180

Figure A.4 shows the reaction steps that were involved in the binding of biotinPEO-amine onto surface grafted phenylacetic acid groups. In this reaction water soluble
carbodiimide coupling agent, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC)
and

N-hydroxysulphosucinimide converted the surface-bound carboxylic acid to an

amine-reactive semi-stable sulpho-NHS ester [8]. This intermediate NHS ester effectively
reacted with the amine groups present in biotin-PEO-amine moiety forming a covalent
bond releasing the NHS groups into solution and creating a surface - bound biotin linked
to the surface via a polyether chain. Figure A.5a shows the cyclic voltammograms for 1
mM K3Fe(CN)6 when detected at the bare RVC electrode and RVC electrode after
electrochemical surface grafting of phenyl acetic acid groups. The curve shown in dotted
lines is the curve obtained when bare RVC electrode was used with only the TBS and no
K3Fe(CN)6 and showed the background currents for RVC electrode. The voltammograms
for 1 mM K3Fe(CN)6 with a bare electrode is shown in dark line shows a peak at 0.2 V.
The curve shown for an RVC electrode with phenylacetic acid groups on the surface
shows a peak that is reduced in height and is broader than that obtained for bare
electrode. This is due to the presence of negatively charged dissociated carboxylic
groups present on the RVC surface that repels the negatively charged ferricyanide ions
present in the solution. The repulsion caused the slowing of the electronic - transfer
kinetics from and to the electrode thereby displaying a voltammogram to produce a
voltammogram that has short and broad redox peaks [9]. This is a confirmation test to
indicate the formation of negatively charges surface groups. Figure A.5 shows a test
carried out using a neutral molecule 4-aminoophenol (PAP). The curve shown in dark
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like is the voltammogram obtained for a RVC electrode that was not modified with any
surface carboxylic groups whereas the one shown in dotted line is the voltammogram for
the RVC grafted with surface carboxylic groups. The dotted curve does not show any
reduction in current or broadening of the peak. This is due to the fact that PAP is a
neutral molecule and does not show the phenomenon that was observed with ferricyanide
ions. Overall the two plots indicate that surface carboxylic groups were formed on the
RVC electrode surface.
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electrochemically tested with (a) 1 mM K3Fe(CN)6 and (b) 1 mM PAP
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A.4 Conclusions
A method for immobilization of biotin groups onto the surface of bare RVC
electrodes was implemented using diazonium surface grafting method. This platform
could be potentially used to develop bioassay schemes by immobilization of various
capture molecules onto the biotins on the surface of RVC electrode.
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APPENDIX B
B. Small-Volume Electrochemical Cells (SVEC) for Bioassays

B.1 Introduction
In this section we present the fabrication and testing of small-volume
electrochemical cells (SVECs) with cell volumes ranging from 0.27 – 28 µL.
Electrochemical based DNA sandwich bioassays are proposed using these SVECs.
Fabricating such electrochemical cells that can hold small volumes of analyte solution are
advantages, especially for lower detection limit and higher sensitivity. The small size and
low cost in fabrication of SVECs make the biosensors utilizing SVECs convenient to use
and often disposable. Zhang et. al. fabricated a carbon based screen-printed electrode
onto which a drop of 30 µL was placed for the detection of a 38-base oligonucleotide [1].
A thin layer cell was fabricated by Stiene et. al. in which a screen-printed carbon layer
that had a polymeric insulation coating of 30 µm thickness defined the working electrode
cavity. The cell cavity in this case had a volume of 8 µL [2]. Morris et. al. fabricated a
thin-layer cell that was fabricated by placing a spacer between two alumina plates. One of
the alumina plates was screen printed with integrated reference, auxiliary and working
electrodes. The analytical volume of the cell was 2.3 µL [3]. Bagel et. al. fabricated a
screen-printed carbon electrode made that could hold volumes ranging from 50 – 250 µL
for the determination of alkaline phosphatase enzyme [4].
Figure B.1 shows a proposed design of a SVEC to be used in electrochemical
bioassay. The design shows a complete electrochemical cell that has integrated working,
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reference and auxiliary electrode. The working electrode is flat surface that has a
conductive area and has electrical connections on the outside of the assembly. A thin
black insulation tape or a spacer could be used with a small hole punched out that will act
as the cell wall is stuck onto the working electrode. The reference electrode is flat type
reference electrode that is made by placing thin Ag/AgCl sheet and agarose gel wetted
with KCl solution between two Nafion® membranes. The reference electrode is placed on
the cell cavity and will act as a top cover. Auxiliary electrode could be a graphite tube
with epoxy filled inside and be placed over the reference electrode. The objective of such
an arrangement of the auxiliary electrode is to keep the electrode away from the reference
electrode and avoid polarization of the reference electrode. The whole assembly was then
held tight between acrylic sheets using screws on the sides as shown in the figure. In this
design the portion shown in the red area is the actual electrochemical cell cavity where
the solution under tests would be introduced. The dimension of this cell space was critical
as the height of the electrode to create a diffusion-limited space. This ensures that the
analyte is quantitatively detected. The principles of electrochemical detection in
diffusion-limited are discussed in Chapter 1. In the current work only partial form of the
above discussed electrochemical cell (shown later in Figure B.4) was fabricated and
tested. The SVECs were fabricated and tested with K3Fe(CN)6 redox couple. The entire
work forms a ground work for detection of oligonucleotides in a SVEC via sandwich
assay protocol.
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Figure B.1 Proposed fabrication design of SVEC for detection of DNA via sandwich
bioassay.
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Figure B.2 shows a proposed scheme for sandwich bioassay of oligonucleotides
that could be carried out using SVECs. The scheme could be carried using a superporous
agarose (SPA) bead or a SPA membrane as a support material. Capture DNA strands of a
specific sequence were immobilized onto the superporous agarose support material (bead
or membrane shaped). The agarose surface could then be incubated with the target
oligonucleotide to immobilize it onto the surface and become a sandwich in the sandwich
DNA hybridization assay. Complementary DNA strand that has CdS nanoparticles (CdSNPs) bound on one of its ends could be used as the signal DNA strand. On successful
sandwich hybridization that amount of Cd could be quantified inside a SVEC via anodic
stripping analysis. The amount of target DNA hybridized would be quantified by the
amount of Cd ions detected. Since the hybridization and immobilization steps are
performed outside the electrochemical cell the working electrode would never be in direct
contact with the biomaterials during the entire assay procedure except during the final
detection step. This would reduce the non-specific binding of the biomaterials onto the
electrode surface. CdS-NPs are expected to have lesser levels of non-specific binding
than those compared with enzyme based electrochemical tags like alkaline phosphatase
discussed in the earlier chapters. The fabrication of SVEC requires inexpensive materials.
Electrochemical amplification is expected as each nanoparticle bound to the surface of
agarose are dissolved to provide large number of Cd ions. Anodic stripping voltammetric
is a sensitive technique with lower detection limits as compared to linear potential
scanning techniques.
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Figure B.2 Schemes for sandwich type hybridization DNA assay using CdS-NP as the
electrochemical label followed by anodic stripping voltammetry detection of
Cd ions inside SVEC a) shows a scheme using superporous agarose beads as
the support b) shows a similar scheme using superporous agarose membrane
support.
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B.2 Experimental
B.2.1 Materials, buffers and instrumentation
The following materials were used as obtained; high-impact polystyrene (HIPS)
sheet (McMaster-Carr), mesitylene (Acros), acrylic sheets (McMaster-Carr), other
hardware (ACE hardware), insulating tape (ACE hardware), syringe needle (BD),
K3Fe(CN)6, Nafion® 117 membrane, KCl (Fisher).
Electrochemical experiments were performed using a computer-controlled
potentiostat model CHI 660A electrochemical workstation consisting of a Picoamp
booster and Faraday Cage from CH Instruments Inc. Austin, TX. A three-electrode
electrochemical cell was made with Ag/AgCl as the reference electrode, Pt wire as the
auxiliary electrode. The reference and the auxiliary electrode were placed inside the
reservoir chamber of the SVEC. The carbon/HIPS based electrode working electrode was
the integral part of the SVEC.

B.2.2 Fabrication of the SVEC
The design of the working electrode is shown in Figure B.3a. The fabrication of
the working electrode is as follows: A sheet of HIPS of 1.6 mm thickness was cut to a 1 x
2 inch piece. This piece formed the base of the electrochemical cell on which the working
electrode was developed. A transparent tape was put on the edges so that a rectangular
center piece of HIPS got exposed. A mixture of graphite powder and HIPS with a ratio
8:2 w/w was made and dissolved in mesitylene to make a thick homogenous paste. A
uniform coating of the carbon paste was applied to the HIPS piece using glass
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microscopic slide as a spatula. This coating was allowed to dry slowly in room
temperature for 24 hours in a partially covered petri-dish. This approach of slow drying
reduced formation of cracks on the carbon thin-film electrode. The transparent tape was
then removed. This part was the working electrode for the SVEC setup. The resistance
was measured between the ends of the graphite strip. Only those electrodes were selected
whose resistance was less than 100 Ω. The electrode was polished with Kimwipe® tissue
paper until the surface was smooth when observed under a lab microscope.
Two types of cell spacers were made from a black insulating tape of thickness 180
µm. A hole of 138 µm diameter was punched on one type of spacer using a syringe
needle leveled off at its tip. On the second type of spacer a hole of 7 mm diameter was
punched using a paper hole puncher. The spacers made from insulating tape were directly
stuck onto the carbon thin-film electrode. Care was taken while sticking to avoid trapping
of air bubble between the tape and HIPS piece. The portion where the hole was punched
was observed under the microscope before and after its use to observe if the tape was
well stuck. Poorly stuck tape created spaces for solution to pass through thereby
providing undesirable background signals.
A Nafion® 117 membrane pretreated boiled in 1:1 HNO3 and washed with DI
water was placed above cell to form a trapped space between the carbon electrode surface
and the membrane. For testing purposes modifications are done to the proposed design
shown in Figure B.1 to emulate the conventional electrochemical cell. This was done by
placing a solution reservoir made from an acrylic tube that contained the reference
electrode and auxiliary electrode over the Nafion® membrane. As shown in Figure B.3b,
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the acrylic tube was specially fabricated from a solid acrylic cylinder through which a
hole was bored using a drill press. A conical hole is bored on the lower region of the
acrylic cylinder in such a way that opening on the lower region had approximately same
size of the hole that was made in the cell spacer. This assisted holding the Nafion®
membrane firmly onto the cell cavity with minimal sagging.

B.2.3 Electrochemical testing of SVEC
The electrochemical cell fabricated as described above was tested with FeCN63

/FeCN6-4 redox couple. Solution of 10 mM K3Fe(CN)6 prepared in 1 M KCl dissolved in

DI water was filled inside the SVEC cavity. A Nafion® membrane previously soaked in 1
M KCl was placed on top of the cell cavity and subsequently the reservoir was placed
over the Nafion® membrane. Care was taken so that no air bubbles were trapped in the
cell cavity. The solution of 1 M KCl was filled inside reservoir. Reference and auxiliary
electrodes were placed inside the reservoir. The electrode terminals were then connected
to the potentiostat. A triangular wave-form potential sweep was applied to 0.7 V to -0.3 V
and back to 0.7 V at different scan rates. Current outputs were recorded and plotted
against applied potentials.
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(a)

(b)
Figure B.3 a) Design of the working electrode along with the walls of the SVEC, b)
Illustration showing the electrochemical cell setup.
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B.2.4 Synthesis of cadmium nanoparticles
Cadmium sulfide nanoparticles (CdS-NP) were prepared according to the
literature [5] by using mercaptoacetic acid as the stabilizer. A series of solutions of 1 mM
of cadmium chloride were made in DI water whose pH was previously adjusted to 6.4,
7.5, 9.5, 11.0 and 11.6 using very dilute NaOH. About 19.2 µL mercaptoacetic acid was
added to 100 mL of the above solutions of CdCl2. The pH was checked again and
adjusted. The solution was bubbled with nitrogen for 30 min. To the above solution 50
mL of 1.34 mM Na2S were added drop-wise with constant stirring using a stirring bar.
The reaction bottles were covered with aluminum foil and the reaction was continued for
24 h under bubbling nitrogen and stirring. Gradually yellow-green colloids of CdS were
formed. The colloid was stable for months at room temperature. UV-VIS spectra were
obtained for CdS synthesized at different pHs. Further, the CdS-NPs were stabilized at
50 oC for 1 hour with constant stirring and bubbling of nitrogen. Transmission electron
microscopic images and UV-VIS spectrum of the CdS nanocrystals at the varying pHs
were obtained.

B.3 Results and discussion
Figure B.4 shows a computer-aided design illustration of the two SVECs that
were fabricated in our lab. A cylindrical confined space was created by carbon thin-film
electrode as the base, thin cell spacer as the cell wall and Nafion® 117 membrane as the
upper lid. This design provided restricted diffusion space to coulometrically oxidize or
reduce the redox species present in the confined space. Detailed discussion on the
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principles involved in the electrochemical detection of redox species trapped in a
confined space was coved in Chapter 1. The presence of Nafion® membrane was critical
as it not only created the trapped space but also allowed conduction of ions to replenish
lost or gained counter ions during the electrochemical detection process to maintain ionic
equilibrium. Figure shows the photograph of the parts used in the actual small-volume
cell that was fabricated in the laboratory. The volume of the solution trapped inside the
cell that had a diameter of 138 µm was theoretically calculated to be 0.27 µL, whereas
the volume for cell with 7 mm diameter was about 28 µL.
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(a)

(b)
Figure B.4 Computer aided design of SVEC a) with a cell diameter of 138 µm and b)
with a cell diameter of 7 mm
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Figure B.5 Photographs of bead based SVEC fabricated A) shows the SVEC with 138
µm dia. cavity B) SVEC with 138 µm dia. as seen under lab microscope. C)
assembly for the electrochemical cell D) SVEC buffer reservoir
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The SVECs fabricated were tested with ferricyanide/ferrocyanide redox couple to
ensure that the cell and electrodes were capable of detecting the oxidation and/or
reduction of electrochemically active species. Figure B.6 shows the cyclic
voltammograms for the SVECs with cell diameter of 138 µm. The cyclic voltammograms
show that as the potential was increased the current response showed a peak that
gradually falls to levels of background currents at slower scan rates. This observation was
typical for a redox active molecule that was trapped in a confined space. As the scan rate
gets slower, the diffusion layer is allowed to grows toward the Nafion® membrane. In
such cases the diffusion layer of the redox active species completely covers the entire
space of the electrochemical cell. A similar observation is shown Figure B.7 for an
electrochemical cell that had a diameter of 7 mm.
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Figure B.6 Detection of 10 mM K3Fe(CN)6 prepared in 1 M KCl at various scan rates in
SVEC of 138 µm diameter working electrode.
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Figure B.7 Detection of 10 mM K3Fe(CN)6 prepared in 1 M KCl using SVEC with a cell
diameter of 7 mm.
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The scheme for detection of oligonucleotides using SVECs involves use of CdSNP as electrochemical labels. CdS-NP labels were synthesized and stabilized using
mercaptoacetic acid. The use of mercaptoacetic acid was a better alternative to the more
commonly used surfactant based stabilizer such as sodium bis(2-ethylhexyl)
sulphosuccinate (AOT), as to was harder to remove the surfactant from the CdS-NPs for
further bioconjugation. Mercaptoacetic acid formed carboxylic acid end groups in the
nanoparticles which were ideal for further conjugation to oligonucleotides that are amineterminated using carbodiimide chemistry. Yu-Zhi Fang et. al. showed one such method
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) as the coupling agent for
binding amine-terminated DNA and mercaptoacetic acid terminated CdS-NPs [5]. Figure
B.8a shows the UV-VIS spectra of the CdS-NPs that were synthesized at room
temperature by the procedure mentioned above. A blue shift of the electronic-absorption
onset with decreasing CdS particle size was observed [6]. For our purpose a narrow
particle size distribution was required. These nanoparticles were therefore allowed to
stabilize and grow at higher temperatures. The UV-VIS spectra shown in Figure B.8b
was obtained when the CdS-NPs were stabilized and were allowed to form uniform
nanoparticles at 50 oC. The nanoparticles formed at pH 11.6 shows a narrow peak and
were expected to have narrow particle size distribution. High resolution transmission
electron microscopic images shown in Figure B.9 were of the nanoparticles prepared at
pH 11.6 and stabilized at 50 oC. The particle sizes of these CdS-NPs were of the order of
5 nm.
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.

Figure B.8 UV-VIS spectra of CdS-NPs that were prepared at room temperature
followed by stabilization at 50 oC for 1 hour at various pH.
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Figure B.9 High resolution TEM image of CdS-NPs prepared in room temperature at pH
11.6 and was allowed stabilize at 50 oC for 1 hour.
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Electrochemical detection of CdS-NPs on carbon based electrodes were
previously performed by various groups [7-9]. The proposed bioassay scheme for the
electrochemical detection of CdS-NP labels using SVECs are discussed above. CdS -NPs
could be dissolved inside the SVECs by the application of positive potentials to the
working electrode and generate protons thereby making the solution acidic. The acid
generated dissolves the CdS-NPs to from Cd ions. The detection of these Cd ions could
then be done via square-wave anodic stripping voltammetry. A reduction potential of
about -1.0 V could be applied for a fixed time to allow the reduction of Cd ions present in
the solution to Cd metal and deposit onto the electrode surface. This step is also known as
the pre-concentration step. A square-wave differential pulse voltammetric scans can be
applied from -1.0 V to an oxidizing potential such as -0.4 V to strip the Cd from the
electrode into the solution and provide a signal at the working electrode. The
electrochemical reactions involved for such a stripping analysis shown given above.
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B.4 Conclusions and future work
An electrochemical cell that can hold small quantities of analytes (range from
0.27 – 28 µL) was fabricated. These small volume electrochemical cells (SVECs) were
tested using redox molecules like K3Fe(CN)6. An approach for using these SVECs as
platforms for sandwich bioassay of oligonucleotides is discussed. Use of CdS-NPs as
electrochemical tags for the detection of hybridization sandwich assays is thought of.
Overall this section sets a ground work for bioassays using SVECs.
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